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Abstract
 An unusual deposit of Fe-rich hydrothermal nontronite was recovered by 
remotely operated vehicle (ROV) from Seamount 3 of the Wolf-Darwin lineament, 
Galapagos Marine Reserve. X-ray diffraction, ICP-MS/ICP-AES, and SEM-EDS 
analyses show that this deposit is chemically and mineralogically similar to other 
deep-sea hydrothermal nontronites, indicating a formation temperature of about 30º 
to 50º Celsius. These Fe-Si-oxides and Fe-rich Al-poor nontronite deposits contain 
about 38-51 weight % SiO2 and 40-50 weight % Fe2O3. Although hydrothermal 
nontronite has been sampled at a number of sites by coring and dredging, this is the 
first in situ documentation of its sinuous, tubular structure on the seafloor. Image-
analysis of ROV imagery suggests that this unusual pattern might be controlled by 
fluid pathways in the underlying pillow lavas.
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1. Introduction to thesis
1.1 Purpose
 Studies of seafloor hydrothermal vents have typically focused on high temperature 
discharges that produce black smokers and chimneys consisting of sulfide deposits which were 
first discovered along the Galapagos Spreading Center in 1977 (Green et al., 1981; Figure 1.1). 
However, more recent studies have suggested that low temperature diffuse flow may actually be 
as important, or even more important, than high temperature venting in the discovery of sulfide 
deposits (Murnane and Clague, 1983; Figure 1.2). In particular, studies of Pacific seamounts 
have documented common low temperature hydrothermal deposits that are rich in iron and the 
clay mineral nontronite (Alt, 1988). Nontronite is an iron-rich aluminum-poor end-member 
of the smectite group of clay minerals, and is considered to be the most common clay mineral 
present in hydrothermal deposits around the world (Bischoff, 1972; Murnane and Clague, 1983; 
Thompson et al., 1988; Singer and Stoffers, 1987; Alt, 1988; Hékinian et al., 1993; Severmann et 
al., 2004). 
 Low temperature diffuse hydrothermal systems lack the megafauna, such as tubeworms 
and giant clams that are commonly observed at high temperature vents. Nonetheless, low 
temperature diffuse vents provide conditions that are ideal for bacterial colonization and growth, 
while also providing substrates for stationary organisms such as corals. Specialized Fe-oxidizing 
bacteria (FeOB) play a fundamental role in the precipitation of minerals that form the deposits 
because they are extremely efficient at facilitating the oxidation of reduced iron from the vents 
(Emerson et al., 2010).
 There have been few observations of in situ diffuse flow hydrothermal systems. 
Most studies have recovered samples by dredging or coring (De Carlo et al., 1983; Murnane 
and Clague, 1983; Dekov et al., 2007), thus the venting configuration of these systems is 
poorly documented. In 2015 at Seamount 3 in the Wolf-Darwin lineament of the Galapagos 
Archipelago, a sinuous winding tubular network of low-temperature diffuse hydrothermal 
deposits was observed for the first time. Studies by Alt (1988) and McMurtry et al. (1993) are 
the only reports to date with photo documentation of authigenic diffuse flow in situ; although the 
appearance and pattern of the deposits described in these papers do not match that of the present 
study.
14
 Understanding these low-temperature seafloor systems is important for evaluating 
geochemical exchanges with the ocean and alteration of the ocean crust. In addition, the presence 
of such systems may provide clues to the location of sub-surface massive sulfide deposits, which 
are of economic significance (Murnane and Clague, 1983; Çağatay, 1993). Current models 
suggest that diffuse flow systems with microbially facilitated Fe-rich deposits are rooted with 
sulfide deposits that are produced by deposition from hot fluids in the subsurface (Murnane and 
Clague, 1983; Humphris et al., 1995; Blumenberg et al., 2007; Figure 1.3).
 The purpose of this thesis is to study the composition, structure, and origins of the 
unusually patterned network of hydrothermal mineral deposits that were discovered in 2015 
at the summit of Seamount 3, near the Wolf-Darwin lineation (Galapagos archipelago). Three 
primary questions are investigated in this study: (1) what is controlling the distribution of the 
fluid flow to generate the complex tubular pattern of the nontronite and Fe-Si-oxide deposits, 
(2) what is the temperature regime of this hydrothermal system, and what are the compositional 
characteristics of the mineral deposits, and (3) is the hydrothermal mineralization being 
facilitated by bacterial activity?
15
Figure 1. Black smoker vent from the Iguanas-Pinguinos hydrothermal area of the Galapagos
Spreading Center. Image collected during cruise NA-064 of the E/V Nautilus and provided
courtesy of the Ocean Exploration Trust.
Figure 1.1 High-temperature black smoker vent from Iguanas-Pinguinos hydrothermal area of the 
Galapagos Spreading C ter. The width of the base of th s smoker is approximately 2-5 meters. Image 
collected during cruise NA064 of the E/V Nautilus and provided courtesy of the Ocean Exploration 
Trust. 
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Figure 2. Low temperature diffuse venting producing shimmering water at the Iguanas-
Pinguinos hydrothermal area on the Galapagos Spreading Center. Image collected during 
cruise NA-064 of the E/V Nautilus and provided courtesy of the Ocean Exploration Trust.  
Figure 1.2 Low-temperature diffuse venting producing shimmering water at the Iguanas-Pinguinos 
hydrothermal area on the Galapagos Spreading Center. The right manipulator arm is clutching the 
temperature prob  while th  left arm is holding up a tool used to calculate the velocity of diffuse 
hydrothermal flow through noninvasive means by tracking moving refractive index anomalies 
through diffuse flow velocimetry and particle image velocimetry (Mittelstaedt et al., 2010). The width 
of black plastic crate (rock box) in foreground of image is 0.3 meters (1 foot). Image collected during 
cruise NA064 of the E/V Nautilus and provided courtesy of the Ocean Exploration Trust. 
17
Figure 1.3 A 2-D cross-section showing the formation of massive sulfide deposits below the ocean floor 
while a low-temperature diffuse hydrothermal system discharges on the seafloor. Illustration inspired 
from Murnane and Clague (1983).
18
1.2 Seafloor hydrothermal activity 
1.2.1 Tectonics and seafloor volcanism
 The lithosphere, the earth’s rigid outer shell comprised of the upper mantle and the 
crust, is separated into several plates varying in size, which move atop of the visco-elastic 
asthenosphere (Winter, 2001). Tectonic plates are approximately 150 km thick and may collide at 
convergent boundaries, come apart at divergent boundaries, or slide back and forth at transform 
faults (Cox and Hart, 2009). Most of the earth’s tectonic activity occurs deep underwater in the 
world’s oceans since the oceans cover more than 70% of the earth’s surface. Volcanism refers 
to several different processes and features that cause the expulsion or release of molten rock, 
pyroclastic fragments, or hot water and steam. Volcanoes and geysers are common terrestrial 
geologic features that may cause surficial discharge. 
 Within the world’s oceans there are two fundamental petrogenetic provinces (Winter, 
2001). The first and most common form of volcanism occurs at plate boundaries, both 
convergent and divergent. Perhaps the most notable feature of this type of volcanism is the mid-
ocean ridge system, which is considered the longest mountain chain in the world. This form of 
volcanism is how most oceanic crust or mid-ocean ridge basalts (MORB), primarily composed of 
tholeiitic basalt, are produced (Winter, 2001). New crust is generated at seafloor spreading sites, 
or divergent boundaries, such as the mid-ocean ridge system. When two plates diverge from each 
other the mantle flows upward to fill the open space made between the plates. The upper mantle, 
the deeper side of a plate, is mostly comprised of lherzolite, an ultramafic igneous rock, which 
is brought upward with mantle flows and undergoes a process called adiabatic decompression 
(Winter, 2001). Adiabatic decompression melting occurs when the conductive heat loss is nearly 
zero such that the rising mantle melt will follow a standard curve, called an adiabat, for these 
conditions (Winter, 2001). This process allows rising mantle material to follow a temperature-
pressure slope that is actually shallower and more similar to the solidus curve (Winter, 2001). 
These flows will produce basaltic partial melt once they reach the solidus temperature (Winter, 
2001). Eventually, this basaltic partial melt will rise further up and separate where it hardens to 
form new basaltic seafloor at the edge of the two diverging plates. The genesis of new crust at 
these sites form elevated ridges at the edge of each plate that resemble mountain chains.
 Although the most common form of submarine volcanism is associated with mid-ocean 
ridges and plate boundaries, the second form does not occur at plate margins and thus is referred 
to as intraplate or hot-spot volcanism. Basalt is also the primary magma type for intraplate 
19
volcanism, but in order to specify its origins it is called ocean island basalt (OIB) rather than 
MORB (Winter, 2001). Although both forms of volcanism do share some similar features and 
properties, intraplate volcanism has a fairly unique chemical signature making it a separate 
petrogenetic province (Winter, 2001). While intraplate volcanism is far less common than mid-
ocean ridge volcanism, it is also much more variable as well, creating many different products 
that may have distinct petrography and chemical characteristics (Winter, 2001). 
 Seamounts are among some of the most common products of intraplate volcanism on 
the seafloor. Seamounts are similar to islands and form in parallel ways but they are below the 
surface of the water. Often seamounts are just old eroded islands or young formations that have 
not yet reached the surface. According to the Global Seamount Census, there are likely more than 
100,000 undetected seamounts that are greater than 1 km in height, and possibly up to 25 million 
seamounts that are greater than 100 m in height (Wessel et al., 2010). Seamounts are sometimes 
formed near ridge systems or fracture zones, which provide conditions for hot spots to form (Cox 
and Hart, 2009).
 Hot-spot volcanism can occur as a mantle plume rises up due to temperature or chemical 
anomalies coming from the lower mantle and sometimes even deep within the core. These 
spots are considered relatively stationary in geographic space while plates move above them. 
Seamount chains or island chains will indicate plate motion due to the nature of these stationary 
hot spots. The progression from older to more recently formed features are highlighted in chains, 
thus indicating the direction of the plate motion. The Galapagos Islands are an excellent example 
of this product of seafloor intraplate volcanism. 
 Islands and seamounts are formed as separate structures with space between them 
because the production of magma at hot spots is often irregular. Another contributing factor 
for the gaps between seamounts is that the upper portion of the plume is pulled away from the 
deep heat source when the plate moves such that a new conduit must be created before another 
seamount may form (Winter, 2001). Mantle plumes are relatively narrow with a diameter often 
less than 100 km (Wyllie, 1988). The lithosphere expands due to the production of heat from 
these plumes. There are a number of possible sources of the original formation of a hot spot 
within the mantle or core. Some of these sources include plumes made up of hotter less dense 
material that subsequently rise (Anderson, 1975); general temperature anomalies in the core or 
lower mantle; and possibly rising buoyant melts from lowered melting points due to volatile 
influxes (Winter, 2001).
 Seafloor volcanoes initially form from these mantle plumes, which eventually build into 
larger and perhaps volcanically inactive seamounts. It is common to observe basaltic lava flows 
at seamounts. There are three primary basalt lava flows: pillow, pahoehoe, and a’a (Peterson 
and Tilling, 1980). Pillow lavas are significantly more abundant than the latter two since pillow 
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basalts are often observed along the mid-ocean ridge system and at seamounts or intraplate 
volcanoes. As basaltic magma flows into the deep cold waters at the seafloor, a shell or rind will 
form along the outside of the elongate bulbous pillow. This outer shell is solid but also elastic so 
it may grow in size as more magma flows into it (Rakovan, 2005). These bulbs will eventually 
harden until they are no longer elastic and form a tubular or spherical lobe that can vary in size 
but may be about 1 m in diameter (Rakovan, 2005). As basaltic magma continues to flow up and 
outward, pillow lava may form on top of older layers of pillow lava. This can create pillow flows 
or large formations of stacked and overlain pillow basalts along steep slopes or gentle plains near 
seamounts and ridges. Basaltic lava flows that do not form as pillows will form as either lobate 
or sheet flows. 
 Mid-ocean ridge and intraplate volcanism often creates perfect conditions for 
hydrothermal systems to develop. These systems may be observed after active volcanoes have 
extruded pillow lavas and flows, and perhaps even when the seamount appears dormant (Winter, 
2001). Hydrothermal systems may also form early in the stages of a seamount or ridge. 
1.2.2 High and low temperature hydrothermal vent systems
 Hydrothermal vents are features that typically form at spreading centers or hot spots 
when the surrounding seawater circulates through fractures and cracks on the seafloor where a 
heat source in the ocean crust fuels circulation of fluids. Hydrothermal vents are very common 
along the mid-ocean ridge system. The heat flow at ridges, in particular, is tremendously high 
and helps facilitate the movement of seawater through the crust. Submarine volcanoes or 
seamounts also provide a suitable environment for the formation of hydrothermal vents. As the 
seawater filters down into the fractured hot rock below, it alters minerals present in the oceanic 
crust. As it become buoyant it comes back out and this change causes dissolved elements to 
precipitate out as mineral deposits on the surface of the seafloor. 
 In 1977 the discovery of hydrothermal vents and their connection to chemosynthetic 
activity was not only geologically exciting but also biologically unexpected (Corliss et al., 
1979). There is rich diversity of life at many hydrothermal vents where the source of energy for 
the basis of the food chain is not the sun but chemicals from the earth. Bacteria can synthesize 
energy through chemosynthesis, which is analogous to how plants synthesize energy from the 
sun through photosynthesis. Hydrothermal vents provide unique ecosystems for many different 
types of organisms to survive and thrive under seemingly remarkably hostile and dynamic 
settings. 
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 One of the leading theories for the origin of life stems from the concepts surrounding 
the process of chemosynthesis. There are six stages of chemosynthesis that demonstrate the 
progression from earth-originated mineral rich hydrothermal fluids to the first living cell 
(Corliss et al., 1981; Martin et al., 2008). In general, this chemosynthetic theory suggests that 
the development of a living cell is likely to occur wherever the right chemical and physical 
conditions exist, and perhaps hydrothermal vents are ideal environments for these conditions. At 
hydrothermal sites lavas may discharge and remain active from less than ten years to over 50,000 
years between eruptions (Hammond, 1997). These occurrences can lead to the formation of 
black and white smokers as well as diffuse flow systems that eventually harbor rich ecosystems 
(Delaney et al., 1998; Embley et al., 2004). Diverse biological communities are able to develop 
quickly after these eruptions even at sites that have been completely destroyed from volcanic 
activity.  
 There are major differences between hydrothermal vents of low temperatures compared 
to those of high temperatures, thus often hydrothermal systems will be classified into one of 
these two categories. High temperature hydrothermal systems occur when the mineral-rich water 
is heated up to temperatures that range typically from 350ºC to 450ºC and are at least over 100ºC 
(Sheirer et al., 2006). The fluid comes up to the surface in a channelized and vigorous discharge 
because there are very few fractures in the seafloor such that the fluids are directed to fewer 
openings. This channelized discharge creates chimneys such as black smokers or white smokers 
(Figure 1.1). High-temperature systems are more acidic at depth with pH levels ranging from 
3-5, while pH levels in the effluent at black smokers may even be more acidic at about pH 2-3 
(Harder, 1976; Murnane and Clague, 1988; Martin et al., 2008). There is less mixing deep in 
the crust at high-temperature vents since fractures are filled on the surface so the water to rock 
ratio below the surface is far less than it is for low-temperature sites (Stakes and O’Neil, 1982; 
Murnane and Clague, 1988). In comparison to smectites such as nontronite, more amorphous 
iron oxide precipitates are known to form as the temperatures increase at vent sites (Malahoff et 
al., 1982; De Carlo et al., 1983). It has also been found that both smectites and amorphous iron 
oxides tend to incorporate trace elements of high abundances within the hydrothermal fluid flow 
of high-temperature systems (Shanks and Bischoff, 1977; De Carlo et al., 1983). 
 Low-temperature hydrothermal systems are at temperatures that are less than 350ºC 
and often much less than 100ºC below the rock-water interface. The seafloor surface is highly 
fractured, which allows the discharge to be diffuse rather than channelized such that the fluid 
flow may escape through many cracks rather than a few channels. The highly-fractured nature of 
low-temperature sites yields a horizontal deposit rather than the vertical deposit often associated 
with high-temperature venting. Due to these fractures, there is also a tremendous amount of 
mixing of seawater in the crust such that the water-rock ratio is often very high (Murnane 
and Clague, 1988). Sulfides are deeper below the rock-water interface in the case of the low-
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temperature systems while silica-iron-oxides are just below the surface and dissolved into the 
fluid (Murnane and Clague, 1988). There is evidence that massive sulfides may rest below low-
temperature systems where the temperatures are higher (Murnane and Clague, 1988). When the 
hydrothermal fluids are released from the crust, it is common for nontronite to precipitate as well 
as some Mn-oxides; this is due to the nature of the water-dominated fluids at low-temperatures 
(Bischoff, 1980). These fluids are able to leach manganese and iron from the crust much more 
productively than hotter more concentrated fluids (Bischoff, 1980). Low-temperature systems 
are also less acidic, pH 4-6, at depth than their high-temperature counterparts (Harder, 1976; 
Murnane and Clague, 1983). The conditions and local settings largely affect which minerals will 
precipitate from the hydrothermal fluids. Nonetheless, it is understood that high-temperature sites 
are fairly abundant in silica-iron-oxides while nontronite and Mn-oxides are often more present 
at low-temperature systems (Murnane and Clague, 1988).
 Overall, low-temperature hydrothermal systems have been significantly less studied in 
comparison to high-temperature channelized sites (Von Damm and Lilley, 2004; Sheirer et al., 
2006). This is largely because diffuse sites are less extreme in appearance compared to black 
and white smokers such that they were not immediately recognized as hydrothermal systems 
(Sheirer et al., 2006). It is believed that diffuse flow systems may be indicators of potential future 
high-temperature systems as well as deep massive sulfide deposits. The filling in of fractures 
from repetitive seawater-crustal circulation during diffuse discharge may help establish surficial 
environments suitable for chimneys to form, as the heat source below perhaps becomes more 
directed and results in an increase in temperature for the system.  
1.2.3 Nontronite 
 Nontronite [(Ca0.5,Na)0.3Fe2
3+(Si,Al)4O10(OH)2 - nH2O] is the ferric member of the 
montmorillonite-beidellite-nontronite series of type I dioctahedral smectites (Deer et al., 1963). 
The layer charge of nontronite is typically within the tetrahedral sheet as nontronite contains a 
dioctahedral sheet that is made up of Fe3+ cations (sometimes substituted by Al3+ and Mg2+) and 
a tetrahedral sheet composed of Si4+ (sometimes substituted by Fe3+ or Al3+, or both). Typically, 
Ca2+ or Mg2+ will balance out this layer charge. In general nontronite is usually characterized as 
having about 40-50 wt. % SiO2 and 30-40 wt. % Fe2O3 with additional trace elements  (Deer et 
al., 1963).
 Nontronite occurrences associated with hydrothermal activity have been discovered at 
several seamounts and seafloor ridges in Hawaii, the Eastern Pacific, the mid-Atlantic ridge, 
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and the Aeolian volcanic arc using drilling, coring, and dredging techniques (De Carlo et al., 
1983; Murnane and Clague, 1983; Dekov et al., 2007; Dekov et al., 2010). There is only one 
known documented case of hydrothermally sourced nontronite explored in situ with photo 
documentation (Alt, 1988). These nontronite deposits were documented on the summit of Red 
Seamount near the East Pacific Rise (EPR) during an ALVIN dive (Alt, 1988). Although these 
deposits extensively covered the peak of Red Seamount, their appearance throughout this entire 
site did not match the venting configuration of the present study. Rather, they appeared to be 
more mounded and lacking in any clearly defined pattern (Alt, 1988).
 There are also several occurrences of nontronite in terrestrial locations. Nontronite has 
been identified in soil systems throughout the world including Hawaii, Fiji, New Zealand, and 
Australia (Sherman et al., 1962). In Germany, Austria, France, and the United States, nontronite 
has been located in highly weathered zones of lava flows, in fresh basalt with highly altered 
peridotite nodules, within vesicles of weathering basalt, and as thin coatings around sand grains 
overlaying basalt (Köster et al., 1999). There are several documented locations of nontronite 
occurring as an alteration product of gneisses and slates (Ross and Hendricks, 1945; Isphording, 
1975). There are multiple nontronite occurrences found throughout the Americas, Europe, 
Asia, Africa, and Australia that are similar in compositions but have formed through different 
processes, some involving bacterial and others not, some hydrothermal and others not.   
 Perhaps some of the more peculiar detections of nontronite, however, have been on Mars. 
Across various ancient and relatively modern surficial Martian terrains, nontronite has been 
identified via spectral observations detected using orbital data from the Compact Reconnaissance 
Imaging Spectrometer for Mars (Bibring et al., 2005; Poulet et al., 2005; Loizeau et al., 2007; 
Bishop et al., 2008; Wray et al., 2009; Ehlmann et al., 2011; Gainey et al., 2014). Although 
these occurrences are far from those identified on the seafloor at hydrothermally active 
locations and from those observed on land throughout Earth, many nontronite sites are similar 
in that they are spatially associated with basalt and sulfides. 
 Nontronite is also becoming known for its impressive potential uses in molecular 
engineering, as it is particularly common in bentonites, a well-known highly versatile group of 
clays that are predominantly comprised of smectites (Eisenhour and Brown, 2009). For more 
than 3000 years, bentonites have been utilized for medicinal purposes and cleaning products 
while recently their uses have become far more widespread in a number of industries such as 
metal casting, drilling and extraction (Eisenhour and Brown, 2009).    
 Hydrothermal nontronite formation often occurs at cool surface temperatures of about 
20ºC to 80ºC under oxidizing conditions that are further followed by reducing conditions through 
the process of aging (Harder, 1976). Hydrothermal nontronite may also directly precipitate out 
from hydrothermal fluids, and can form from the alteration of seafloor sediments including 
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volcanic glasses and rocks. At low-temperature systems, nontronite may form through a reaction 
between Fe-Si-hydroxides. Finally, nontronite is also known to form through biologically-
mediated processes that feature iron oxidizing bacteria (FeOB) and other microbes (further 
discussed in 1.2.5).
1.2.4 Massive sulfide deposits
 Massive sulfides refer to sulfur-rich metal deposits formed from fluids containing metals 
such as iron, copper, zinc, and lead that were leached out of the crust by acidic hydrothermal 
fluids (Hoagland et al., 2010). These deposits are economically significant and have historically 
been mined in some locations such as the Western South Pacific, although the technologies and 
strategies used to exploit these deposits are environmentally controversial and in need of proper 
management strategies (Boschen et al., 2013). 
 Massive sulfides are products of hydrothermal processes and may precipitate out of 
hydrothermal fluids at the seafloor or below it. Buoyancy differences trigger hydrothermal fluids 
to upwell through the fractures in the crust which may eventually exit through a chimney as a 
channelized discharge or it may be discharged through several fractures as a diffuse discharge. 
As high-temperature fluids discharge out of black smokers, metal sulfides typically precipitate 
out to form massive sulfides that are rich in copper, zinc, and iron (Humphris and McCollom, 
1998). This process occurs as the hydrothermal fluids mix with the cold seawater. 
 At low-temperature vent systems, the highly fractured seafloor allows seawater to 
permeate deeper into the crust such that the fluids moving up will mix in the subsurface rather 
than outside of a chimney (Figure 1.3). Sulfides will precipitate below the surface thus leaving 
the upward moving fluids depleted in metals. This is often how white smokers are formed rather 
than black smokers (Humphris and McCollom, 1998). 
 Overall, these interactions between hydrothermal fluids and seawater cause elements to 
precipitate out of the fluids and dissolve out from the seawater at various stages. The exchanges 
of various metals and compounds contribute to the regulation of seawater chemistry throughout 
all of the world’s oceans (Humphris and McCollom, 1998).  
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1.2.5 Bacteria and biomineralization at hydrothermal systems 
 At some hydrothermal vent sites there are specific types of bacteria that are able to 
facilitate the oxidation of reduced iron. These are referred to as FeOB. FeOB were some of 
the first few groups of microscopic organisms that were recognized as facilitating geological 
processes such as the oxidation of iron as early as the 1830s (Emerson et al., 2010). FeOB are 
believed to have existed on Earth since the beginning of life, thus the study of their functionality 
and presence in a variety of environments may offer new perspectives on the relationship 
between biological organisms and the physical and geological processes on Earth (Emerson et 
al., 2010). 
 Many studies propose that microbial bacteria play a major role in the global cycling of 
various elements (Tazaki, 1999). Biomineralization is the process in which bacteria interact with 
dissolved elements to aid in the precipitation of minerals and chemical compounds.  It is known 
that microbial mats provide conditions that support the precipitation of clay minerals as well as 
Fe, Mn, and Si (Tazaki, 1997; Ueshima and Tazaki, 2001; Li et al., 2012). Nontronite is a clay 
mineral that may form biogenically. Typical hydrothermal nontronite morphological structures 
are similar in scale and shape to that of microbial structures (Köhler et al, 1994; Ueshima and 
Tazaki, 2001). Often microscopic observations of nontronite include oblate spheroids and 
bulbous tubular filamentous structures, typically on the order of less than 1 to 10 μm (Köhler et 
al, 1994; Ueshima and Tazaki, 2001). 
 In order to form a protective boundary from the harsh conditions on the seafloor, 
specialized bacteria have the ability to form biofilms through the secretion of extracellular 
polymer substrates (EPS) (Dekov et al., 2010). The geochemistry of these secreted EPS offer 
highly reactive surfaces for Fe-Si-oxyhydroxides and thus act as a “template” for the synthesis of 
such oxides (Dekov et al., 2010; Ueshima and Tazaki, 2001). Nontronite formation and growth 
can occur within the EPS while Fe-Si-hydroxides typically were seen to form on the outside 
of the EPS (Ueshima and Tazaki, 2001). Nontronite formation under these conditions often 
exhibits a bulbous structure of honeycomb-like precipitates (Ueshima and Tazaki, 2001). This 
characteristic honeycomb fabric is believed to be present at initial formation of the hollowed-
out nontronite microtubes (Köhler et al., 1994). As the hydrothermal system dies down, the 
degradation of the nontronite structures often appears more like finely layered clay sheets on the 
surface where secondary nontronite intergrowth may also occur (Köhler et al., 1994).  
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1.3 Low-temperature diffuse hydrothermal 
mineralization on seamounts
 Low-temperature diffuse venting may occur at several different marine geological 
environments such as rift valleys, ridges, spreading centers, basins, and seamounts. Low-
temperature venting with Fe-Si-oxide and nontronite formation has been observed at several 
seamounts throughout the world, notably including Seamount 5 and the Red Seamount (near the 
East Pacific Rise, EPR; Alt, 1988), the Eolo Seamount (Aeolian volcanic arc, Tyrrhenian Sea; 
Dekov et al., 2007), the Loihi Seamount (Hawaiian archipelago; De Carlo et al., 1983; Emerson 
and Moyer, 2002), and the Kasuga 3 Seamount (Northern Mariana island arc; McMurtry et al., 
1993).
 Diffuse flow on seamounts, in particular, has been encountered and documented but 
significant exploration and research focus has been placed on seafloor hydrothermal activity at 
ridges and plate boundaries rather than hotspot volcanoes and island archipelagoes. Alt’s study 
(1988) is one of the earliest documentations of hydrothermal nontronite formation that includes 
in situ imagery via ALVIN. The summit of Red Seamount was purported to be covered in blue-
green nontronite with Fe-Mn crusts, while at the summit of Seamount 5 deposits of hydrothermal 
Fe-oxides were observed to be at least 1 m thick (Alt, 1988). Imagery from Red Seamount 
show oxide deposits in small mounds against a near-vertical surface (Figure 1.4; Alt, 1988). The 
geochemical analyses of these nontronite deposits are consistent with previous studies of seafloor 
hydrothermal nontronites (Table 1.1 and 1.2). Alt (1988) described the nontronite as having a 
striking color zonation in the crust of the deposits with the mineralization occurring across a 
strong oxidation gradient. Observations such as layers of oxides can assist in understanding the 
Eh, or oxidation-reduction (redox) potential, of the system and thus the overall conditions or 
setting for the formation of the deposits. Every chemical species has a specific Eh that describes 
its potential to be reduced. The reference point is H, (which is similar to pH) in that all species 
are compared to the reduction potential of H. A higher Eh refers to a stronger affinity for 
electrons, which results in the species being reduced more readily (Stumm and Morgan, 1981). 
The exterior being more oxidized, Alt (1988) described how FeOB play a surficial role in the 
growth of an exterior layer of Fe. A formation temperature for nontronite from this seamount was 
determined through d18O isotopic analysis to be about 30-40ºC (Alt et al., 1987). 
 Kasuga 3 Seamount was also explored and documented with ALVIN (McMurtry et al., 
1993). At Kasuga 3, fresh lava flows were coated in orange Fe-oxide deposits and these crusts 
were described as broken apart while forming a network of fissures that had been delineated 
by black Mn-oxides. Three samples were collected, one of which included a massive clay 
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(nontronite) that had developed out of a crack in the seafloor (McMurtry et al., 1993). Again, 
it was described as having layers of Fe- and Mn-oxides that contained small vent chimneys or 
orifices. The major element chemistry from this particular seamount is outlined for comparison 
in Table 1.1 as well. Again, a distinct layering gradation was discussed by McMurtry et al. (1993) 
to be a result of an oxidation-reduction gradient. Through oxygen isotopic analysis, the formation 
temperature for this hydrothermal authigenic seamount nontronite was determined to be 22.5ºC 
(McMurtry et al., 1993).
 Seafloor hydrothermal fields within the Hawaiian island archipelago have been explored 
at several sites. The summit of the Loihi Seamount (a submarine shield volcano) has been 
sampled and surveyed a number of times (Malahoff et al., 1982) revealing glass-covered pillow 
basalts and several fields of hydrothermal nontronite and Fe-oxides. In an effort to expand on 
some of the previous studies exploring hydrothermal venting at Loihi, De Carlo et al. (1983) 
documented the mineralogy and geochemistry of dredged nontronite and Fe-oxides at Loihi. 
They concluded a formation temperature possibly ranging from 31-57ºC from oxygen isotope 
analysis (De Carlo et al., 1983). A strong oxidation-reduction gradient was also suggested 
in order to explain some of the layering of colored materials in the dredged samples. X-ray 
diffraction analyses showed a distinctive nontronite pattern from a greenish subsample of the 
dredged material (Figure 1.5). De Carlo et al. (1983) describe a notable general trend that 
amorphous Fe-oxide, nontronite Al/Fe ratio, and trace element concentrations all increase or 
enrich while d18O-derived formation temperatures also increase.
 There are also rich communities of FeOB at Loihi Seamount that have been imaged and 
documented by Emerson and Moyer (2002) with the deep-sea submersible Pisces V. Although 
there was no nontronite recovered at this site, these hotter vent sites were extensively covered in 
Fe-oxides and their corresponding FeOB communities (Figure 1.6). 
 Dekov et al. (2007) described microscopic morphological features of nontronite (Figure 
1.7) sourced via sediment coring atop the Eolo Seamount. SEM micrographs show distinct 
hollowed out nontronite morphologies that are associated with biogenic formation (Alt, 1988; 
Köhler et al., 1994; Ueshima and Tazaki, 2001; Li et al., 2012). Dekov et al. (2007) suggested 
a bacteria mediated formation of nontronite through the aging of the hydrothermal precipitates 
coating the bacterial filaments leading to the hollowed out morphology of the smectite.  
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Figure 1.4 Surficial oxide deposits from a near-vertical surface on the summit of Red Seamount. Imaged 
from ALVIN, disturbed sediments on left of image are a result of the manipulator arm’s sampling 
efforts. Image from Alt (1988). 
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Table 1.1 Major element geochemical data for nontronites from 15 comparable studies. All values are 
presented in weight %.
Eolo Seamount Red Seamount Juan de Fuca Ridge Loihi Seamount Galapagos Rift
Galapagos 
Mounds Explorer Ridge Red Sea Red Sea Bauer Basin FAMOUS EPR 18ºS Lau Basin TAG
Kasuga 3 
Seamount
Dekov et al. 
(2007) Alt et al. (1987)
Murnane and 
Clague (1983)
De Carlo et al. 
(1983)
Corliss et al. 
(1978)
Hékinian et al. 
(1978) Grill et al. (1981) Bischoff (1972) Cole (1988)
Dymond and 
Eklund (1978)
Hoffert et al. 
(1978) Dill et al. (1994)
Stoffers et al. 
(1990)
Severmann et al. 
(2004)
McMurtry et al. 
(1993)
Sample # T/77-29 (113-5) 1183-14/15 TT152-11G 20-2G N2 DSDP L54 bulk 69-11-2 average 10094 252-260 average average RS 1 SO 35 KD80 2901-2 S-8b
SiO2 46.70 50.30 46.70 56.60 53.00 50.80 46.40 36.60 46.40 52.30 39.70 42.20 58.70 49.40 53.90
Al2O3 4.45 0.01 0.32 2.71 0.04 0.35 1.59 2.45 0.35 2.44 0.24 0.05 0.23 0.30 0.71
Fe2O3 28.10 33.60 33.30 25.50 33.10 29.50 29.30 31.60 33.00 29.70 35.90 35.60 33.10 35.40 29.60
FeO - - 0.40 - - - 0.11 - - - - 0.68 - - -
MnO - 0.13 0.04 0.04 0.23 0.11 0.29 0.45 - 0.64 3.74 0.02 0.06 0.00 1.04
MgO 1.16 3.49 2.80 2.94 2.80 3.70 3.22 1.26 0.45 6.10 2.79 1.38 2.24 0.30 1.88
CaO 1.16 0.35 0.40 1.04 0.11 0.30 0.50 0.43 0.10 0.47 1.68 0.25 0.32 0.06 0.84
Na2O 1.32 0.49 1.00 2.00 1.39 2.05 1.07 2.71 3.90 0.60 1.82 0.47 1.27 0.20 2.02
K2O 0.89 4.06 3.40 0.61 2.24 3.24 2.87 0.78 0.10 2.04 3.03 0.20 0.62 1.00 1.50
P2O5 - - 0.04 - - - - - - - - 0.19 0.03 0.50 -
TiO2 - - 0.02 0.76 - 0.03 0.13 - - 0.03 0.02 0.01 0.06 0.02 0.41
LOI 16.30 - 11.24 - - 9.94 13.92 19.30 16.20 - 7.95 18.10 - 12.60 8.65
H2O - - - - - - - - - - - - - - -
Total 100.10 92.40 100.60 92.20 - 100.02 99.40 95.6 100.5 94.3 96.9 99.2 96.6 99.8 100.6
Reference
          (continued)
Eolo Seamount Red Seamount Juan de Fuca Ridge Loihi Seamount Galapagos Rift
Galapagos 
Mounds Explorer Ridge Red Sea Red Sea Bauer Basin FAMOUS EPR 18ºS Lau Basin TAG
Kasuga 3 
Seamount
Dekov et al. 
(2007) Alt et al. (1987)
Murnane and 
Clague (1983)
De Carlo et al. 
(1983)
Corliss et al. 
(1978)
Hékinian et al. 
(1978) Grill et al. (1981) Bischoff (1972) Cole (1988)
Dymond and 
Eklund (1978)
Hoffert et al. 
(1978) Dill et al. (1994)
Stoffers et al. 
(1990)
Severmann et al. 
(2004)
McMurtry et al. 
(1993)
Sample # T/77-29 (113-5) 1183-14/15 TT152-11G 20-2G N2 DSDP L54 bulk 69-11-2 average 10094 252-260 average average RS 1 SO 35 KD80 2901-2 S-8b
SiO2 46.70 50.30 46.70 56.60 53.00 50.80 46.40 36.60 46.40 52.30 39.70 42.20 58.70 49.40 53.90
Al2O3 4.45 0.01 0.32 2.71 0.04 0.35 1.59 2.45 0.35 2.44 0.24 0.05 0.23 0.30 0.71
Fe2O3 28.10 33.60 33.30 25.50 33.10 29.50 29.30 31.60 33.00 29.70 35.90 35.60 33.10 35.40 29.60
FeO - - 0.40 - - - 0.11 - - - - 0.68 - - -
MnO - 0.13 0.04 0.04 0.23 0.11 0.29 0.45 - 0.64 3.74 0.02 0.06 0.00 1.04
MgO 1.16 3.49 2.80 2.94 2.80 3.70 3.22 1.26 0.45 6.10 2.79 1.38 2.24 0.30 1.88
CaO 1.16 0.35 0.40 1.04 0.11 0.30 0.50 0.43 0.10 0.47 1.68 0.25 0.32 0.06 0.84
Na2O 1.32 0.49 1.00 2.00 1.39 2.05 1.07 2.71 3.90 0.60 1.82 0.47 1.27 0.20 2.02
K2O 0.89 4.06 3.40 0.61 2.24 3.24 2.87 0.78 0.10 2.04 3.03 0.20 0.62 1.00 1.50
P2O5 - - 0.04 - - - - - - - - 0.19 0.03 0.50 -
TiO2 - - 0.02 0.76 - 0.03 0.13 - - 0.03 0.02 0.01 0.06 0.02 0.41
LOI 16.30 - 11.24 - - 9.94 13.92 19.30 16.20 - 7.95 18.10 - 12.60 8.65
H2O - - - - - - - - - - - - - - -
Total 100.10 92.40 100.60 92.20 - 100.02 99.40 95.6 100.5 94.3 96.9 99.2 96.6 99.8 100.6
Reference
Eolo Seamount Red Seamount Juan de Fuca Ridge Loihi Seamount Galapagos Rift
Galapagos 
Mounds Explorer Ridge Red Sea Red Bauer Basin FAMOUS EPR 18ºS L u Basin TAG
Kasuga 3 
Seamount
Dekov et al. 
(2007) Alt et al. (1987)
Murnane and 
Clague (1983)
De Carlo et al. 
(1983)
Corliss et al. 
(1978)
Hékinian et al. 
(1978) Grill et al. (1981) Bischoff (1972) Cole (1988)
Dymond and 
Eklund (1978)
Hoffert et al. 
(1978) Dill et al. (1994)
Stoffers et al. 
(1990)
Severmann et al. 
(2004)
McMurtry et al. 
(1993)
Sample # T/77-29 (113-5) 1183-14/15 TT152-11G 20-2G N2 DSDP L54 bulk 69-11-2 average 10094 252-260 average average RS 1 SO 35 KD80 2901-2 S-8b
SiO2 46.70 50.30 46.70 56.60 53.00 50.80 46.40 36.60 46.40 52.30 39.70 42.20 58.70 49.40 53.90
Al2O3 4.45 0.01 0.32 2.71 0.04 0.35 1.59 2.45 0.35 2.44 0.24 0.05 0.23 0.30 0.71
Fe2O3 28.10 33.60 33.30 25.50 33.10 29.50 29.30 31.60 33.00 29.70 35.90 35.60 33.10 35.40 29.60
FeO - - 0.40 - - - 0.11 - - - - 0.68 - - -
MnO - 0.13 0.04 0.04 0.23 0.11 0.29 0.45 - 0.64 3.74 0.02 0.06 0.00 1.04
MgO 1.16 3.49 2.80 2.94 2.80 3.70 3.22 1.26 0.45 6.10 2.79 1.38 2.24 0.30 1.88
CaO 1.16 0.35 0.40 1.04 0.11 0.30 0.50 0.43 0.10 0.47 1.68 0.25 0.32 0.06 0.84
Na2O 1.32 0.49 1.00 2.00 1.39 2.05 1.07 2.71 3.90 0.60 1.82 0.47 1.27 0.20 2.02
K2O 0.89 4.06 3.40 0.61 2.24 3.24 2.87 0.78 0.10 2.04 3.03 0.20 0.62 1.00 1.50
P2O5 - - 0.04 - - - - - - - - 0.19 0.03 0.50 -
TiO2 - - 0.02 0.76 - 0.03 0.13 - - 0.03 0.02 0.01 0.06 0.02 0.41
LOI 16.30 - 11.24 - - 9.94 13.92 19.30 16.20 - 7.95 18.10 - 12.60 8.65
H2O - - - - - - - - - - - - - - -
Total 100.10 92.40 100.60 92.20 - 100.02 99.40 95.6 100.5 94.3 96.9 99.2 96.6 99.8 100.6
Reference
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Table 1.2 Geochemical data for trace and REE of nontronite from ten previous studies. All values 
presented in ppm.
Eolo Seamount Red Seamount Juan de Fuca Ridge Loihi Seamount Galapagos Rift
Galapagos 
Mounds FAMOUS EPR 18ºS Lau Basin TAG
Dekov et al. 
(2007) Alt et al. (1987)
Murnane and 
Clague (1983)
De Carlo et al. 
(1983)
Corliss et al. 
(1978)
Hékinian et al. 
(1978)
Hoffert et al. 
(1978) Dill et al. (1994)
Stoffers et al. 
(1990)
Severmann et al. 
(2004)
Sample # T/77-29 (113-5) 1183-14/15 TT152-11G 20-2G N2 DSDP L54 bulk average RS 1 SO 35 KD80 2901-2
Ag 0.01 - - - - - - - - -
As 351 2 - 12 2.9 - - 12 - -
Ba 22 38 130 - 68 - 73 39 <10 -
Be 2.35 - - - - - - - - -
Bi 0 - - - - - - - - -
Cd 0.16 - - 6.9 - - - - - -
Co 1 1.6 1.13 43 0.91 22 5 <7 <10 -
Cr 5 2.7 4.8 45 4.1 11 9.5 <7 33 -
Cs 1.5 3.3 4.8 - - - - - - -
Cu 5.3 330 23 89 8 14 67 - 48 -
Ga 1 - - - - - 5 - - -
Ge 2.02 - - - - - - - - -
Hf <5 0.05 0.12 - - - - - - -
In 0.003 - - - - - - - - -
Li 2 - - 1 - - - - - -
Mo 28 - - - - - - - - -
Nb 0.9 - - - - - - - - -
Ni 3 <45 - 118 14 16 49 <7 <10 -
La 2.7 0.17 2.01 - 2.2 - - - - 0.46
Ce 6.3 0.22 4.17 - 2.3 - - <15 - 0.58
Pr 0.9 - - - - - - - - 0.06
Nd 4 <3 - - - - - - - 0.26
Sm 1 0.05 0.71 - 0.49 - - - - 0.07
Eu 0.24 0.01 0.19 - 0.15 - - - - 0.11
Gd 1.1 - - - - - - - - 0.05
Tb 0.19 <0.02 0.15 - - - - - - 0.01
Dy 1.5 - - - - - - - - 0.05
Ho 0.36 - - - - - - - - 0.01
Er 1.27 - - - - - - - - 0.03
Tm 0.23 - - - - - - - - 0.00
Yb 1.65 0.02 0.56 - 0.30 - - - - 0.03
Lu 0.28 0.08 0.10 - 0.03 - - - - 0.00
Pb 3.9 80 - 340 - 60 - 135 <5 -
Rb 11 125 111 - - - - 17 21 -
Sb 0.38 2 3.05 - 0.9 - - - - -
Sc 1 0.36 0.7 - 0.19 - - - - -
Sn 0.1 - - - - - - <3 - -
Sr 71 - 50 - - - 223 14 66 -
Ta 0.06 0.02 0.05 - - - - - - -
Th 0.6 0.08 0.18 - - - - - - -
Tl 0.064 - - - - - - - - -
U 0.62 <0.15 0.16 - - - - 16 - -
V 18 - - - - - 94 22 45 -
W 7 - - - - - - 16 - -
Y 7.1 - - - - - - - - -
Zn 9 670 136 640 29 35 14 - 43 -
Zr 13 - - - - - - <7 - -
Reference
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Figure 1.5 X-ray diffractograms of hydrothermal deposits from Loihi Seamount. 20-1 green is after 24 
hours of exposure to ethylene glycol. S refers to smectite or nontronite peaks. Scan speed was at 2º 
2theta/minute. (De Carlo et al., 1983).  
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Figure 1.6 One of the Loihi hydrothermal vent locations described by Emerson and Moyer (2002). A 
temperature probe is being inserted into the vent opening. Image from Emerson and Moyer, 2002. 
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Figure 1.7 SEM micrographs of nontronite morphology. (A) filamentous aggregates of fine lamellar 
nontronite with microspheres. (B) nontronite lamellar crystals with distinct honeycomb appearance 
and hollowed out propagating filaments. Figure from Dekov et al., 2007.
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1.4 Tectonic and regional geologic setting of the 
Galapagos Archipelago 
 The Galapagos Islands were formed by hot spot volcanism (Behn et al., 2004; Geist et al., 
2006). Located on the northern edge of the Nazca plate, the Galapagos Islands are bordered by 
the Cocos plate to the north, the South American plate to the east, the Pacific plate to the west, 
and the Antarctic plate to the south. The Nazca plate is moving southeast at azimuth 91º in the 
hot spot reference frame (Gripp and Gordon, 2002) and subducting under the South American 
plate, while the Cocos plate is moving to the northeast (Figure 1.8). Thus the Galapagos 
Spreading Center formed from the opposing movement of the Cocos and Nazca plates. 
 The Galapagos Islands lie just south of the Galapagos Spreading Center and are the 
product of a mantle plume. The Galapagos Platform (light blue shallow region in Figure 1.9 and 
1.10), the shallow ocean platform that the islands rest on, was formed as a result of the excess 
volcanism from a deep mantle plume. The Galapagos Platform consists of several subaerial 
islands and numerous seamounts (Geist et al., 2006). All dives (Figure 1.10) during the NA064 
cruise were within the Galapagos Marine Reserve (GMC; Figure 1.9) and several were on 
seamounts (H1435, H1436, H1440).
 Sinton et al. (1996) dredged several seamounts throughout the Galapagos in order to 
establish a geochronology for the Galapagos archipelago (Figure 1.10). In general, their findings 
confirm that the system models the movement of a hotspot with the age of the seamount and 
islands increasing with distance from the western side of the Galapagos Platform (Sinton et 
al., 1996). The Wolf-Darwin lineament or seamount chain in the northwest of the Galapagos 
Platform are the youngest (approximately 1 Ma or less) recorded seamounts in the region with 
the youngest being furthest south and closer to the platform (Sinton et al., 1996).
 The Wolf-Darwin lineament or seamount chain consists of three seamounts and two 
islands (Wolf Island and Darwin Island; see Figure 1.9 or Figure 1.10). It is not entirely known 
how the orientation and placement of this lineament is controlled. There have been several 
possible formation theories presented, although none of which appear to be fully definitive based 
on the available evidence. Morgan (1978) has presented the possibility that this line of volcanic 
activity is a result of the vector sum of the absolute motion of the Nazca plate and north-trending 
jumps of the Galapagos Spreading Center. Others have considered the possibility that this 
lineament is on top of a fault that is rooted deep within the lithosphere (Feighner and Richards, 
1994). Evidence for this particular formation theory is not as well supported, and would suggest 
random volcanism along the fault (i.e. no distinct age trend across the lineament), among other 
problematic assumptions (Morgan, 1978; Feighner and Richards, 1994). Sinton et al. (1996) 
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challenge these two formation models through their radiometric dating (as displayed in Figure 
1.11). Due to a poorly defined age progression along the seamount chain, Sinton et al. (1996) are 
most in favor of a model rooted in lithospheric weakness (which does not require a linear age 
progression). 
 From these age observations, the Wolf-Darwin lineament may not fit the traditional 
hotspot model for volcanism. It is possible that there are several factors at play in this 
tectonically complex region. The Galapagos hotspot is likely affecting the activity of these 
seamounts, but their overall volcanic state may be mostly controlled by faulting and stress from 
the transform boundary and ridge interaction surrounding the north and eastern sides of the 
lineament (Sinton et al., 1996).
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Figure 1.8 The tectonic setting of the Galapagos Islands in the Eastern Pacific. Figure based from models 
presented in Hey et al. (1972).
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Figure 5. Operational area for cruise NA064 of the E/V Nautilus on the Galapagos island platform.
Boundary of the Galapagos Marine Reserve (GMC) shown in white. Multibeam bathymetric
data courtesy of Woods Hole Oceanographic Institution.
Figure 1.9 Operational area for cruise NA064 of the E/V Nautilus on the Galapagos Island platform. 
Boundary of the Galapagos Marine Reserve (GMC) shown in white. Multibeam bathymetric data 
courtesy of Woods Hole Oceanographic Institution. 
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Figure 10. Location of ROV dives completed during cruise NA064 around the Galapagos
islands. Hydrothermal deposits examined for this project were collected during dive
H1440.
Figure 1.10 Location of all ROV dives completed during cruise NA064 around the Galapagos Islands. 
Hydrothermal deposits examined for this study were collected during dive H1440.  
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Figure 1.11 The Galapagos Archipelago with specific dredge sites labeled (by their sample numbers, 
1-30) and radiometric ages (in italics). Seamount 3 (the focus of this thesis) is labeled as dredge site 
29 in the Wolf-Darwin lineament. The inset map is a magnified view of the Wolf-Darwin chain with 
dashed lines showing the position of magnetic anomaly isochrones (approximated in location). The 
heavier dashed line represents the location of a pseudofault juxtaposing oceanic crust with ~ 1.8 m.y. 
difference in age. Figure and description directly from Sinton et al. (1996), with bathymetry and 
location of the GSC based on work by Wilson and Hey (1995) and unpublished SeaBeam data from 
Sinton et al. (1996).
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2. Introduction
 
 Nontronite is the ferric member of the montmorillonite-beidellite-nontronite series 
of type I dioctahedral smectites and is the most common hydrothermal clay mineral found in 
low temperature systems (Deer et al., 1963). Nontronite occurrences associated with diffuse 
hydrothermal activity have been discovered at several seamounts and seafloor ridges in Hawaii, 
the Eastern Pacific, the mid-Atlantic ridge, and the Aeolian volcanic arc (De Carlo et al., 1983; 
Murnane and Clague, 1983; Dekov et al., 2007; Dekov et al., 2010). However, there have been 
few direct observations of in situ nontronite-bearing hydrothermal deposits. Most studies have 
recovered samples using dredging or coring techniques (De Carlo et al., 1983; Murnane and 
Clague, 1983; Dekov et al., 2007). Only studies by Alt (1988) and McMurtry et al (1993) were 
associated with acquisition of seafloor imaging of the sampled and analyzed deposits. 
 Understanding diffuse flow low-temperature hydrothermal systems is important for 
evaluating geochemical exchanges with the ocean and alteration of the ocean crust (Tivey, 2007). 
Focused high-temperature venting contributes significantly to the overall hydrothermal flux in 
the oceans, but diffuse flow has been described as playing a major role as well (Bemis et al., 
2012). In addition, the presence of such systems may provide clues to the location of sub-surface 
massive sulfide deposits, which are of economic significance (Murnane and Clague, 1983). 
Current models suggest that diffuse flow systems with Fe-rich microbially-facilitated deposits 
are rooted with sulfide deposits that are produced by deposition from hot fluids in the subsurface 
(Murnane and Clague, 1983).
 In 2015 an expedition of the E/V Nautilus to the Galapagos Islands conducted remotely 
operated vehicle (ROV) explorations on seamounts to the north of the main Galapagos Islands. 
An unusual low-temperature diffuse hydrothermal system was discovered, explored, and sampled 
near the summit of a seamount adjacent to the Wolf-Darwin lineament. The nontronite-bearing 
hydrothermal deposits consisted of  an extensive area of porous tubes developed in a sinuous 
pattern on the seafloor. Similarly patterned hydrothermal deposits, smaller in scale, were also 
observed at the summit of another nearby seamount, although no samples were collected.
 In this paper, we report the major and trace element compositions of the nontronite-
bearing deposits as determined by ICP-MS/ICP-AES and mineralogy inferred from X-ray 
diffraction. ROV vehicle imagery of the deposit and adjacent seafloor is used to develop a model 
for the formation of the unusual sinuous depositional pattern. SEM images provide insights into 
the potential role of bacteria in facilitating mineral deposition. New discoveries of such deposits 
suggest that low temperature diffuse hydrothermal systems are common features of many 
oceanic seamounts. 
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3. Regional setting
3.1 Wolf-Darwin lineament
 The Galapagos Platform consists of several subaerial islands and numerous seamounts 
(Geist et al., 2006). The northern part of the Galapagos Platform includes many linear chains 
of seamounts that border the Galapagos Spreading Center (Figure 3.1). In this region, the 
spreading center is disjointed by a transform fault to the east leading down to the connecting 
Cocos-Nazca boundary in the southeast. The Wolf-Darwin lineament or seamount chain, which 
is in the northwest of the Platform, as well as the less-prominent seamount chains to the east, 
consist of several seamounts of varying ages, activity, and composition (McBirney and Williams, 
1969; Nordlie, 1973; Sinton et al., 1996). The youngest (approximately 1 Ma or less) recorded 
seamounts in this region, the Wolf-Darwin lineament, are furthest south and closer to the 
platform (Sinton et al., 1996).
 The Wolf-Darwin lineament consists of three seamounts and two islands (Wolf Island 
and Darwin Island; Figure 3.1). It is not entirely known how the orientation and placement of 
this lineament is controlled. From radiometric age analyses, Sinton et al. (1996) determined 
that the Wolf-Darwin lineament may not fit the traditional hotspot model for volcanism. There 
may be several factors at play in this tectonically complex region. The Galapagos hotspot is 
likely affecting the activity of these seamounts, but their overall volcanic state may be mostly 
controlled by faulting and stress from the transform boundary and ridge interaction surrounding 
the north and eastern sides of the lineament (Sinton et al., 1996).
3.2 Seamount 3, occurrence and morphology of 
hydrothermal deposits 
 Northwest of Darwin Island is a prominent and relatively young (~0.8-0.9 Ma; Sinton et 
al., 1996) seamount designated Seamount 3 in this study (Seamount 3; Figure 3.2). Seamount 3 
is about 635 m high with its peak at the depth of about 1325 m and its base at a depth of about 
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1960 m. It is positioned at approximately 1.8837ºN and 92.1335ºW. 
 The base of Seamount 3 is covered by sediment with isolated pillow lava outcrops, and 
gradually transitions to patches of talus blocks along its south-east trending slope, which sharply 
lead into a dense lava talus slope with linear contact to a sedimented side west of 92.11ºW 
(Figure 3.2). It then transitions back to a highly sedimented seafloor with occasional isolated 
pillows further north and west upslope, which gradually turn into dense fields of pillow lava and 
then continues on northwest upslope into more sedimented regions.
 Sinuous, overlapping tubular hydrothermal deposits occur near the summit of Seamount 
3 (see star in Figure 3.2). This tubular network is partially covered in sediment. The deposits 
provide solid substrate for small stationary organisms to latch onto around the edges of the 
hydrothermal field. The patterned network becomes gradually denser and the sediment cover 
appears to diminish toward the summit. The hydrothermal deposits consist of approximately 20 
cm wide tubes that are quite porous and friable (Figure 3.3). 
 The first sample collected, NA064-064, was of the deposits covered in yellow bacterial 
mats (Figure 3.3B). The second sample collected, NA064-065, was of the deposits within the 
same general region, which revealed an interlayered very friable bright green interior, yellow-
orange oxidized exterior, and a dark thin crust (Figure 3.4; Figure 3.5). 
 For the remainder of the dive, the central crater (Figure 3.2) and peak of the seamount, 
both northwest of the hydrothermal deposits, shifted between mostly pillow lava outcrops and 
sedimented patches. 
45
0o
2.0o N
1.0o N
1.0o S
2.0o S
92.0o W 91.0o W 90.0o W 88.0o W93.0o W 89.0o W 87.0o W
Pacific Ocean
Isabela
Fernandina
Santiago
Santa
Cruz
Darwin
Wolf
Figure 4. The Galapagos island platform and adjacent Galapagos Spreading Center to the north.
Inset map on the lower right shows position of the Galapagos islands relative to South America. 
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Figure 3.1 Th  Galapagos Platfo m (light blue region below isl nd ) and adjacent Galapagos Spre ding 
Center to the north. Inset map on the lower right shows position of the Galapagos Islands relative to 
South America.
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Figure 11. Multibeam map of seamount 3 showing the ROV Hercules dive track (red) during dive 
H1440. Location of site where samples for this study were collected is indicated by the star. Water
depth at start of dive was 1960 m and end of dive was 1324 m. 
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Figure 3.2 Multibeam map of Seamount 3 showing the ROV Hercules dive track (red) during dive 
H1440. Location of site where samples for this study were collected is indicated by the star. Water 
depth at start of dive was 1960 m and at end of dive was 1324 m. Multibeam bathymetric data 
courtesy of Wo ds Hole Oceanographic I stitution. 
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Figure 16. 
(A) Downward looking view from the ROV Argus above the ROV Hercules (lower left in image) showing the pattern of hydrothermal tube structures. 
Distance to seafloor from Argus is about 20 meters. (B) Tube-like hydrothermal deposits near the summit of seamount 3 in the Galapagos Islands
Tube diameter in the center of the image is about 20 cm across. Image from dive H1440. 
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Figure 16. 
(A) Downward looking view from the ROV Argus above the ROV Hercules (lower left in image) showing the pattern of hydrothermal tube structures. 
Distance to seafloor from Argus is about 20 meters. (B) Tube-like hydrothermal deposits near the summit of seamount 3 in the Galapagos Islands
Tube diameter in the center of the image is about 20 cm across. Image from dive H1440. 
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Figure 3.3 (A) Downward looking view from the ROV Argus above the ROV Hercules (lower left in 
image) showing the pattern of hydrothermal tube structures. Distance to seafloor from Argus is about 
20 meters. (B) Tube-like hydrothermal deposits near the summit of Seamount 3. Tube diameter in the 
center of the image is about 20 cm across. Yellow bacterial mat in center of image. Image from dive 
H1440, an  courtesy of the Ocean Exploration Trust. Figure 16. 
(A) Downward looking view from the ROV Argus above the ROV Hercules (lower left in image) showing the pattern of hydrothermal tube structures. 
Distance to seafloor from Argus is about 20 meters. (B) Tube-like hydrothermal deposits near the summit of seamount 3 in the Galapagos Islands
Tube diameter in the center of the image is about 20 cm across. Image from dive H1440. 
(A) ( )
48
Figure 18. 
(A) Sampling of hydrothermal deposits by the remotely operated vehicle Hercules during dive H1440 in the Galapagos Islands. (B) Close up of the broken interior of 
a hydrothermal tube showing a strong gradation in color from deep green in the interior to yellow-orange on the exterior crust. The two red laser dots in the upper 
central part of the image are 10 cms apart.
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Figure 18. 
(A) Sampling of hydrothermal deposits by the remotely operated vehicle Hercules during dive H1440 in the Galapagos Islands. (B) Close up of the broken interior of 
a hydrothermal tube showing a strong gradation in color from deep green in the interior to yellow-orange on the exterior crust. The two red laser dots in the upper 
central part of the image are 10 cms apart.
(A) (B)
Figure 3.4  (A) Sampling of hydrothermal deposits by the remotely operated vehicle Hercules during dive 
H1440 in the Galapagos Islands. (B) Close up of the broken interior of a hydrothermal tube showing 
a strong gradation in color from deep green in the interior to yellow-orange on the exterior crust. The 
two red laser dots in the upper central part of the image are 10 cm apart.
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Figure 18. Sample NA064-065 interlayered and very friable. Bright green interior, yellow-orange oxidized material moving outward with a dark thin outer crust. 
Right side is a magnified view of the left yellow box.  
igure 3.5 Sample NA064-065 interlayered and very friable imaged from the wet lab on the E/V 
Nautilus. Bright green interior and yellow-orange oxidized material with a dark thin outer crust. Right 
side is a magnified view of the left yellow box.  
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4. Materials and methods
 Sampling of the deposits was performed with the Hercules ROV grab tool, a Kraft 
Predator Force Feedback Manipulator. This tool is a strong dexterous claw that can precisely 
clutch and store rock samples in the sample chambers on Hercules. Two similar samples 
(NA064-064; NA064-065) were collected from the field of deposits at the summit of Seamount 
3 (Table 4.1). By breaking apart the tubular deposits, rocky material from the inside was exposed 
and collected as well as the crustal material.
Table 4.1 Sample locations and depth at sample locations on Seamount 3.
Sample ID Latitude (ºN) Longitude (ºW) Depth (m)
NA064-064 1.87660315 92.12711038 1227.26
NA064-065 1.876802228 92.12706809 1226.31
 Samples were air-dried and cataloged in the E/V Nautilus wet lab. Each sample was 
further divided into four sub-samples: green nontronite (NA064-064A; NA064-065A), bright 
rusty material with dark bands (NA064-064B; NA064-065B), orange material (NA064-064C; 
NA064-065C), and remaining bulk sample (NA064-064D; NA064-065D). 
 The mineralogy of the samples was characterized by X-ray diffraction (XRD), energy-
dispersive X-ray spectroscopy (EDS), and scanning electron microscopy (SEM) at Bates College 
Carnegie Science Center. Fine powders were prepared for XRD analysis by crushing individual 
sub-samples in a Spex Mixer Mill. Each sub-sample was further ground wet in a mortar and 
pestle with ethanol. Sub-samples were air-dried and placed in a desiccator for one week. Samples 
were ground in the mortar and pestle a second time (dry) to a fine powder. Random powder 
mounts were prepared and scanned in the X-ray diffractometer (Rigaku MiniFlex II Desktop 
X-ray Diffractometer using Cu Kα radiation, 30kV, 15mA) from 2 to 80º 2θ, 0.8º/minute (0.04º/
step and 3 seconds/step).
 Carbon-coated specimens were prepared for EDS analysis while gold and palladium 
coated specimens were prepared for SEM analysis (JEOL JSM-7100FLV with a Noran System 7 
EDS System) at Bates College Carnegie Science Center. For the EDS analysis, the voltage was 
set to 15 kV, the dead time was 25%, and the focal working distance was fixed at 10.0 mm. For 
SEM analysis, the secondary electron electron-micrographs were produced with voltages ranging 
from 3 kV to 5 kV and a focal working distance ranging from 12.5 mm to 16.6 mm. SEM 
52
analysis was used to look for diagnostic nontronite and Fe-oxide morphologies.
 The chemical composition of the samples was determined by inductively coupled plasma 
mass spectrometry (ICP-MS) for rare earth elements (REE), trace elements, and select major 
elements. Sample prep for ICP-MS (Thermo X-Series II quadrupole at the University of Rhode 
Island Graduate School of Oceanography) analysis involved dissolution of powdered samples 
in HF-HNO3 acid digestion (methodology from Kelley et al., 2003). Concentrations of Li, Be, 
Sc, Ti, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, 
Dy, Ho, Er, Yb, Lu, Hf, Ta, Pb, Th, U, and major elements K and P were determined by ICP-MS. 
Standards and run conditions are consistent with those of Kelley et al. (2003).
 The major element compositions were determined by inductively coupled plasma atomic 
emission spectroscopy (ICP-AES). Sample digestion for ICP-AES (Perkin Elmer Optima 3100 
XL at the University of Rhode Island) analysis involved preparing solutions using LiBO2 flux-
fusions (Klein et al., 1991; Miller et al., 1992; Kelley et al., 2003). Concentrations of Si, Mn, 
Fe, Mg, Ti, Ca, Al, and Na were determined by ICP-AES. Standards and run conditions are 
consistent with those of Kelley et al. (2003).
 Image analysis was performed using nine screen-captures from the live HD video feed 
captured by ROV Hercules during the dive on Seamount 3. Six images of the overlapping tubular 
pattern of the deposits were selected from both close-up Hercules views and zoomed out Argus 
views. Three images from nearby pillow lava formations were selected at similar scales. The 
spatial dimensions of all tubular deposits and the pillow lava features were measured using a 
pixel ruler in Adobe Illustrator. Pairs of major and minor axes measurements for all features 
observed in the images were plotted on a chart for the purpose of comparing spatial dimensions 
of hydrothermal deposits to potential sedimented pillow lava. 
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5. Results
5.1 Mineralogy and morphology of the 
hydrothermal deposits
X-Ray Diffraction
 X-ray diffractograms of sub-samples NA064-64A, NA064-64B, NA064-64C, NA064-
65A, NA064-65B, and NA064-65C are presented in Figure 5.1. Analysis reveals an overall 
diffractogram signature similar to that of several other hydrothermal nontronites (De Carlo 
et al., 1983; Murnane and Clague, 1983). Both samples and all six subsamples show patterns 
with little variability between diffractograms. The sub-samples of green nontronite, NA064-
64A and NA064-65A, display nearly identical patterns with overall higher intensity peaks. 
The diffractograms for NA064-64B, NA064-64C, and NA064-65C follow the same pattern as 
those of NA064-64A and NA064-65A; although NA064-64B has lower intensity peaks. The 
diffractogram of NA064-65B is considerably different than that of the other five sub-samples. It 
resembles the general expected nontronite pattern although it shows very weak peaks and more 
noise; the overall trend fits Fe-oxide patterns. In the sub-samples of the dark black/grey banded 
material (mostly crustal), NA064-64C and NA064-65C, there is a small but noticeable peak 
around 12º 2theta (indicated in Figure 5.1). This suggests that in addition to nontronite and Fe-
oxide, these sub-samples contain a 7-Å Mn mineral (Murnane and Clague, 1983).
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Figure 5.1 X-ray diffractograms of sub-samples NA064-64A, NA064-64B, NA064-64C, NA064-65A, 
NA064-65B, and NA064-65C. Established nontronite is consistently observed throughout all sub-
samples. Small peak at about 12º 2theta in NA064-65C shows a 7-Å Mn-oxide phase. Scans run at 
0.8º/minute (0.04º/step and 3 seconds/step). 
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Scanning Electron Microscopy  -  Energy-Dispersive X-ray Spectroscopy
 SEM-EDS analyses confirmed that grains present in the specimens were high in Fe-oxide 
(up to nearly 95 wt. % Fe2O3 in some regions and an average of over 60 wt. % Fe2O3 across all 
samples) and Si-oxides (up to nearly 50 wt. % SiO2 in some regions and an average of about 
17 wt. % SiO2 across all samples), which is consistent with the identification of nontronite (De 
Carlo et al., 1983; Murnane and Clague, 1983; Dekov et al., 2007). Na2O and P2O5 was present 
in most specimens usually under or about 5 wt. %. Carbon was present in some samples at 
concentrations up to about 30 wt. % in a few specimens. Trace amounts of MnO, MgO, K2O, N, 
and Cl were detected in some specimens. Al2O3, CaO, S, Br, Pd, and Cd were detected at very 
low concentrations (nearly all well under 2 wt. %) in some specimens.  A total of 19 regions on 
9 different specimens from all 6 sub-samples (NA064-64A, NA064-64B, NA064-64C, NA064-
65A, NA064-65B, and NA064-65C) were analyzed with SEM-EDS. Specimens including “gp” 
in their label notates that these stubs were coated in gold-palladium while all other stubs were 
coated in carbon. 
 The morphological structures of the nontronite and oxides present are consistent across 
several regions and specimens, although some specimens exhibit notable variability. A general 
sponge-like basic structure of the nontronite is displayed in a specimen from sub-sample NA064-
64A (Figure 5.2). This structure appears to be porous while consisting of many lepispheres 
(similar to Köhler et al., 1994).  Specimen 65A(1) from sub-sample NA064-65A exhibits hollow 
branching filaments that zigzag and stack or overlap (Figure 5.3, left). These tubular filaments of 
about 2-5 µm in diameter, consist of flat bulbs made up of small overlapping sheets (Figure 5.3, 
right). These structures were most notably observed in specimens from NA064-65A and NA064-
65B. EDS analysis of these structures show that they consist of more than 40 wt. % SiO2, nearly 
50 wt. % Fe2O3, and contain trace amounts of Na2O, MgO, and K2O (2 to 7 wt. % respectively). 
A different specimen, 65Agp(1) of sample NA064-65A exhibits characteristic nontronite oblate 
microspheres that are coated in finely layered smectite sheets (Figure 5.4). These structures 
contain over 24 wt. % SiO2, nearly 70 wt. % Fe2O3, and contain trace amounts of Na2O, MgO, 
K2O, and C (>0.5 wt. % respectively). 
 Several specimens from sample NA064-64B contain structures that resemble Fe-oxides, 
nontronite, and associated bacterial structures (Figure 5.5). Similar to the general structure 
observed in part of NA064-64A (Figure 5.2), NA064-64B also has a spongy basic although more 
web-like structure (Figure 5.5 A). Specimen 64Bgp(2) includes several regions of stacked Fe-
oxide encrusted filaments that are consistent with microbial FeOB (Figure 5.5 B). Among the 
stacks of these similar segments in specimen 64Bgp(3) are oblate microspheres that propagate 
off of the filaments (Figure 5.5 C). EDS analysis indicates that the filaments of 64Bgp(2) have 
about 10 wt. % SiO2, nearly 74 wt. % Fe2O3, almost 8 wt. % P2O5, and contain trace amounts of 
Na2O, MgO, CaO, Cl, and C. The spheres of 64Bgp(3) have about 11 wt. % SiO2, nearly 70 wt. 
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% Fe2O3, and over 5 wt. % of Na2O, P2O5, and C (each). More oblate spheres were observed in 
other specimens of NA064-64B that propagate outward and possibly exhibit surface features 
that are reminiscent of the honeycomb precipitate morphology of nontronite (Figure 5.5 D). 
Some of the observed microspheres include a small hole or donut-like central indent (specimen 
64B(1), Figure 5.5 E). Tubular filaments with a diameter about 1-2 µm also show hollow features 
adjacent to more microspheres (Figure 5.5 F). Several more microspheres with central indents 
are present in specimen 64Bgp(1) that are extremely rich in Fe2O3 (almost 95 wt. %) and poor in 
SiO2 (0.51 wt. %) (Figure 5.5 G and H). These microspheres also contain almost 3 wt. % MnO, 
and trace amounts of Al2O3, CaO, and C. The sub-sample of NA064-64B consists of banded 
crustal material from the deposits, thus the high Fe2O3 content with relatively high MnO present 
seems to fit the possibility of a Mn-oxide crust interlayered with Fe-oxide nodules. 
 Possible bacterial structures identified through SEM imaging with EDS analyses 
confirming their high levels of carbon may offer insight into formation processes. Several SEM 
images were captured for various regions where EDS data was not collected. These images also 
demonstrate similar notable microscopic morphologic features of these deposits.
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10 µm
Figure X. Scanning electron micrograph of a specimen from sample NA064-64A 
showing the sponge-like clay basic structure of the nontronite grains.
ure 5.2 Scanni g electron micrograph of a specimen from sample NA064-64A showing the sponge-
like clay basic structure of the nontronite grains. 
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10 µm 1 µm
Figure X. Scanning electron micrographs of specimen 65A(1) from sample NA064-65A showing hollow 
ErDnFKing ¿OODPenWoXs DggrgDWes oI nonWroniWe ZiWK KigKer ZeigKW SerFenWDges oI 6i-oxides in FoPSDrison 
Wo )e-oxides deWerPined IroP ('6 DnDO\ses %rDnFKes FonsisW oI FKDrDFWerisWiF ¿ne FOD\ sKeeWs
igure 5.3 Scanning electron micrographs of specimen 65A(1) from sample NA064-65A showing hollow 
bra ching filamentous a gregates of nontronite with higher weight perc ntages f Si-oxides in 
comparison to Fe-oxides determi ed from E S analyse . Branches consist of characteristic fine clay 
sheets. (EDS analysis of the layers on the filaments).
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1 µm
Figure X. Scanning electron micrograph of specimen 65Agp(1) from 
sample NA064-65A showing oblate microspheres of remant microbial 
sWrXFWXres FoDWed in ¿ne oYerODSSing FOD\ sKeeWs ZiWK reODWiYeO\ eTXDO 
OeYeOs oI )e Dnd 6i oxides deWerPined IroP ('6 DnDO\ses 
Figure 5.4 Scanning electron micrograph of specimen 65Agp(1) from sample NA064-65A showing 
oblate microspheres of remnant microbial structures coated in overlapping clay sheets with relatively 
equal levels of Fe and Si oxides determined from EDS analyses. 
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5.2 Chemistry of the hydrothermal deposits
Major element composition
 The major element chemical data for all six sub-samples and the two bulk samples 
(NA064-64A, NA064-64B, NA064-64C, NA064-64D, NA064-65A, NA064-65B, NA064-
65C, and NA064-65D) along with data from samples of 15 comparable studies and locales are 
presented in Tables 5.1 and 1.1, respectively. The chemistry across all 8 sub-samples from the 
present study is consistent with that of nontronite and Fe-oxides. Overall, the deposits contain 
38-51 wt. % of SiO2 and 40-50 wt. % of Fe2O3. Sub-samples NA064-64A and NA064-65A are 
the most SiO2-rich and the least Fe2O3-rich while NA064-65B is the least SiO2-rich and the most 
Fe2O3-rich. MnO is most abundant in the crustal banded sub-samples (NA064-64C and NA064-
65C) and the bulk samples (NA064-64D and NA064-65D) which is likely consistent with the 
possible presence of a Mn-oxide phase as observed in the XRD data. MgO and Na2O are present 
in all sub-samples in trace amounts, 1.5-2.5 wt. % each. In previous studies, nontronite typically 
contains about 40-55 wt. % of SiO2 and 28-34 wt. % of Fe2O3 (Table 1.1). 
 While the samples of the present study are overall more rich in Fe-oxide compared to 
most other studies (Figure 5.6; Table 1.1; Table 5.2), the two nontronite sub-samples (which 
are not strictly nontronite and likely still contain some Fe-oxide) are geochemically much more 
similar to previous nontronite values having higher concentrations of MgO (Figure 5.6) in 
comparison to hydrothermal deposits of Fe-oxide alone.  
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Table 5.1 Geochemical data for major elements of all six sub-samples and the two bulk samples. All 
values presented in wt. %. NA064-64A, NA064-64B, NA064-65B, and NA064-65D have totals 
normalized to 100. 
Sample # NA064-64A NA064-64B NA064-64C NA064-64D NA064-65A NA064-65B NA064-65C NA064-65D
SiO2 48.81 42.55 44.69 41.13 52.40 40.12 44.64 42.68
Al2O3 0.25 0.28 0.20 0.22 0.05 0.09 0.10 0.08
Fe2O3 43.82 49.51 46.42 48.77 40.57 51.66 46.41 48.29
FeO - - - - - - - -
MnO 0.16 0.14 1.03 1.05 0.01 0.05 0.80 0.82
MgO 2.36 1.95 2.26 2.02 2.40 1.71 2.28 2.08
CaO 0.54 0.89 0.90 1.03 0.30 1.00 0.88 1.04
Na2O 2.06 1.73 2.31 2.37 2.11 2.11 2.54 2.28
K2O 1.31 1.11 1.05 1.09 1.84 1.28 1.41 1.34
P2O5 0.67 1.81 1.17 1.35 0.26 1.96 1.10 1.38
TiO2 0.01 0.01 0.01 0.02 0.00 0.00 0.01 0.00
LOI 7.84 9.97 9.04 9.47 6.49 9.12 8.60 8.45
H2O 4.68 9.08 7.39 5.00 8.42 10.72 7.92 8.76
Total 100.00 100.00 100.05 99.04 99.94 100.00 100.17 100.00
Reference Seamount 3, GalapagosPresent Study
63
Fe2O3
30% Al2O3 30% MgO
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
Present Study
Previous Studies
Figure 5.6 Fe2O3 – MgO – Al2O3 ternary diagram of 23 samples, 15 from previous comparable studies 
and 8 from the present study are plotted as wt. %. See Table 5.2 for the references to each diagram 
number. 
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Table 5.2 Corresponding 15 comparable studies and 8 sub-samples from present study, each with their 
respective ternary diagram number.
Ternary Diagram # Sample Name Source Location
1 NA064-64A
2 NA064-64B
3 NA064-64C
4 NA064-64D
5 NA064-65A
6 NA064-65B
7 NA064-65C
8 NA064-65D
9 T/77-29 (113-115) Dekov et al. (2007) Eolo Seamount
10 1183-14/15 Alt et al. (1987) Red Seamount
11 TT152-11G Murnane and Clague (1983) Juan de Fuca Ridge
12 20-2G De Carlo et al. (1983) Loihi Seamount
13 N2 Corliss et al. (1978) Galapagos Rift
14 DSDP Leg 54, bulk Hékinian et al. (1978) Galapagos Mounds
15 69-11-2 Grill et al. (1981) Explorer Ridge
16 average Bischoff (1972) Red Sea
17 10094 252-260 Cole (1988) Red Sea
18 average Dymond and Eklund (1978) Bauer Basin
19 average Hoffert et al. (1978) FAMOUS
20 RS 1 Dill et al. (1994) EPR 18ºS
21 SO 35 KD80 Stoffers et al. (1990) Lau Basin
22 2901-2 Severmann et al. (2004) TAG
23 S-8b McMurtry et al. (1993) Kasuga 3 Seamount
Present Study Seamount 3
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Trace and rare earth element composition 
 The trace and rare earth element chemistry for all six sub-samples and the two bulk 
samples (NA064-64A, NA064-64B, NA064-64C, NA064-64D, NA064-65A, NA064-65B, 
NA064-65C, and NA064-65D) are presented in Table 5.3. Trace and REE chemical data from 
samples of 10 comparable studies and locales are presented in Table 1.2. 
 The 8 sub-samples from the present study contain very similar trace and REE chemistry 
trends (Figure 5.7). The differences in intensity or quantity of various elements among the 8 
sub-samples are to be expected since they were separated based on appearance and apparent 
composition, while they share similar Fe-oxide and nontronite trends overall. Ba, Li, Ni, La, 
Rb, Sr, V, Y, Zn, and Zr are the most abundant trace and rare earth elements. Although these ten 
elements varied as well among samples from previous studies, they were also the most prominent 
among the trace and REE. 
 The REE distribution patterns for the present study show negative Ce and Eu anomalies. 
The bulk samples (NA064-64D and NA064-65D, shown as orange) are both more enriched 
overall than the 6 sub-samples. The sub-samples for NA064-65 (NA064-65A, NA064-65B, 
NA064-65C) are least enriched in REE with the green nontronite sub-sample (NA064-65A) 
being the least of all sub-samples. The sub-samples for NA064-64 (NA064-64A, NA064-64B, 
NA064-64C) are significantly more enriched and similar overall compared to those of 65. These 
trends are similar to those of the Lilliput hydrothermal deposits (Dekov et al., 2010). These 
patterns also follow typical REE distribution patterns for deep seawater (Douville et al., 1999; 
Dekov et al., 2010). 
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Table 5.3 Geochemical data for trace and REE of all six sub-samples (64A, 64B, 64C, 65A, 65B, and 
65C) and the two bulk samples (64D and 65D). All values presented in ppm.
Sample # NA064-64A NA064-64B NA064-64C NA064-64D NA064-65A NA064-65B NA064-65C NA064-65D
Ag - - - - - - - -
As 37.74 60.45 48.73 62.20 8.06 37.93 45.24 60.14
Ba 101.97 89.94 119.77 118.77 6.77 29.63 90.64 67.28
Be 0.05 0.02 0.04 0.05 - - 0.05 0.07
Bi - - - - - - - -
Cd - - - - - - - -
Co 0.66 0.58 1.54 1.75 0.08 0.08 1.10 1.93
Cr 3.17 3.32 2.74 3.90 - 0.05 3.76 3.95
Cs 0.55 0.43 0.39 0.56 1.10 0.60 0.61 0.81
Cu 2.61 3.57 3.78 3.69 0.28 0.54 5.24 7.34
Ga 0.41 0.16 0.32 0.25 0.02 0.03 0.15 0.19
Ge - - - - - - - -
Hf 0.06 0.03 0.04 0.06 0.01 0.01 0.06 0.05
In - - - - - - - -
Li 2.40 2.12 9.06 9.50 1.34 1.78 7.35 7.87
Mo - - - - - - - -
Nb 0.14 0.09 0.13 0.15 0.00 0.01 0.10 0.13
Ni 4.16 2.56 15.08 15.50 0.76 0.89 14.14 34.44
La - - - - - - - -
Ce 1.14 1.34 1.12 1.17 0.48 0.75 0.44 0.90
Pr 0.32 0.39 0.34 0.34 0.14 0.22 0.18 0.33
Nd 1.49 1.78 1.55 1.58 0.65 1.05 0.82 1.54
Sm 0.28 0.33 0.29 0.29 0.11 0.17 0.16 0.29
Eu 0.09 0.10 0.09 0.10 0.03 0.05 0.05 0.09
Gd 0.47 0.51 0.48 0.53 0.20 0.30 0.28 0.50
Tb 0.07 0.08 0.08 0.08 0.03 0.04 0.05 0.08
Dy 0.55 0.59 0.55 0.63 0.21 0.34 0.37 0.60
Ho 0.16 0.16 0.15 0.19 0.06 0.10 0.11 0.17
Er 0.51 0.52 0.49 0.62 0.19 0.34 0.36 0.57
Tm - - - - - - - -
Yb 0.52 0.51 0.49 0.63 0.17 0.32 0.39 0.60
Lu 0.09 0.09 0.08 0.11 0.03 0.06 0.07 0.11
Pb 0.40 0.44 0.50 0.50 0.03 0.21 0.44 1.10
Rb 20.25 16.11 15.37 18.34 33.04 19.53 19.34 20.57
Sb 0.86 1.26 1.53 1.75 0.38 0.93 1.40 2.42
Sc 0.43 0.27 0.82 0.64 0.01 0.03 1.15 0.34
Se 0.03 0.03 0.06 0.06 0.01 0.02 0.06 0.08
Sn - - - - - - - -
Sr 128.35 223.71 213.96 265.06 69.47 271.84 237.02 268.88
Ta 0.00 0.00 0.00 0.01 - - 0.00 0.00
Th 0.03 0.02 0.02 0.02 0.01 0.00 0.03 0.02
Tl - - - - - - - -
U 0.33 0.21 0.63 1.03 0.25 0.19 0.73 1.33
V 42.24 22.30 58.92 74.71 3.24 3.57 68.72 103.82
W - - - - - - - -
Y 8.17 8.11 7.20 10.59 3.43 6.80 6.61 9.06
Zn 29.45 22.62 39.73 45.24 15.29 12.09 33.40 62.52
Zr 3.68 2.08 3.24 3.75 0.30 0.34 4.04 4.71
Reference Seamount 3, GalapagosPresent Study
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Figure 5.7 CI chondrite-normalized (Sun and McDonough, 1989) REE distribution patterns for all six 
sub-samples (64A, 64B, 64C, 65A, 65B, and 65C) and the two bulk samples (64D and 65D). General 
trend is comparable to that of seawater (Douville et al., 1999; Dekov et al., 2010). 
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6. Discussion 
6.1 Mineralogy and chemistry of the deposits
 
 X-ray diffraction patterns of samples from Seamount 3 of the Wolf-Darwin Seamount 
Chain confirm the presence of nontronite specifically in NA064-64A and NA064-65A and the 
diffractogram tracings of NA064-65B are characteristic of Fe-oxides and some nontronite. These 
deposits are similar in their mineralogical and chemical composition to those of previous studies 
from other oceanic seamounts (Corliss et al., 1978; Hékinian et al., 1978; Grill et al., 1981; De 
Carlo et al., 1983; Murnane and Clague, 1983; Alt et al., 1987; Dekov et al., 2007). Overall, 
the chemical consistency between the samples from the present study and those from other 
studies suggest that the setting is hydrothermal in origin and the formation of both nontronite 
and Fe-oxides are from low-temperature diffuse venting processes. Although no oxygen isotopic 
analyses were performed on the samples of this study, the presence of nontronite indicates 
formation temperatures between 20º C and 80º C based on similar past studies (De Carlo et al, 
1983; McMurtry et al., 1983; Murnane and Clague, 1983; Alt et al., 1987; Stoffers et al., 1990; 
McMurtry et al., 1993; Köhler et al., 1994; Severmann et al., 2004; Dekov et al., 2007).
 Nontronite compositions published in previous studies had about 46-57 wt.% SiO2 and 
about 25-34 wt.% of Fe2O3 (Corliss et al., 1978; Hékinian et al., 1978; Grill et al., 1981;  De 
Carlo et al., 1983; Murnane and Clague, 1983; Alt et al., 1987; Dekov et al., 2007). In general 
the nontronite compositions from Seamount 3 are lower in SiO2 and higher in Fe2O3. Higher Fe/
Si ratios have been suggested as indicators of temperatures on the higher side of the formation 
range (20º-80º C; Murnane and Clague, 1983). Although analyzed with bulk samples and not 
pure nontronite, the average Fe/Si ratios of samples in this study do appear to be higher than 
those observed in other studies (De Carlo et al., 1983; Murnane and Clague, 1983; Alt et al., 
1987; Stoffers et al., 1990; McMurtry et al., 1993; Severmann et al., 2004; Dekov et al., 2007). 
This may suggest that the formation temperature was on the higher end, closer to 40-80ºC rather 
than the low end of 20-40ºC that was observed in some studies (Stoffers et al., 1990; McMurtry 
et al., 1993). 
 A negative Ce anomaly was observed in the REE data (Figure 5.7), which is indicative of 
hydrothermal origins (Hékinian et al., 1993). As the hydrothermal fluids mix with the seawater, 
mineral grains are precipitated out and this oxidative process results in negative Ce anomalies 
(Bao et al., 2008). Ce, a valence-variable element, is often isotopically fractionated more easily 
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from seawater under such oxidative conditions (Koeppenkastrop and De Carlo, 1992; Bao et 
al., 2008). Likewise, the negative Eu anomaly suggests hydrothermal fluids of low temperatures 
(<100ºC) in comparison to high-temperature systems with channelized flow (Hékinian et al., 
1993; Dekov et al., 2007). 
6.2 Origin of the nontronite and Fe-oxide 
deposits
 
 Several hypotheses for seafloor nontronite formation have been presented in previous 
studies. Most have described the processes as hydrothermal in origin, although some non-
hydrothermal hypotheses have been presented (Cole and Shaw, 1983; Dekov et al., 2007). The 
relationship between Fe-oxide and nontronite formation is central in some models. The models 
that will be discussed below include: (1) replacement (non-hydrothermal), (2) alteration (non-
hydrothermal), (3) direct precipitation of Fe-oxides and nontronite from hydrothermal fluids, 
(4) direct precipitation of Fe-oxides from hydrothermal fluids with nontronite forming through 
aging processes, (5) microbially mediated precipitation of Fe-oxides and nontronite fueled 
by hydrothermal fluids, and (6) microbially mediated precipitation of Fe-oxides fueled by 
hydrothermal fluids with nontronite forming through aging processes. The two non-hydrothermal 
models (1 and 2) presented are not likely relevant to the formation of the Seamount 3 deposits 
for several reasons. As for the hydrothermal models (3, 4, 5, and 6), there is evidence that all 
may describe the origins and formation of the deposits from Seamount 3. It is possible that a 
combination of processes best accounts for the precipitation of these deposits. 
6.2.1 Non-hydrothermal formation models
 Dekov et al. (2007) outlined a possible ‘replacement’ hypothesis (model 1) which 
involves the replacement of silica-rich minerals within local sediments for the Fe-Si based 
smectite, nontronite. This was deemed unlikely by Dekov et al. (2007) for nontronite from the 
Eolo seamount because their samples were mostly monomineralic and lacked a combination of 
expected admixed detrital material. Cole and Shaw (1983) described three possible methods of 
formation, one of which is similar to the replacement process in that it involves the alteration of 
local volcanic rocks and glasses (not-hydrothermal; model 2). 
 Both of these non-hydrothermal processes are unlikely for Seamount 3 nontronite 
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formation. There are several reasons for suggesting that the deposits from this study are 
hydrothermal in origin. Some diagnostic characteristics of hydrothermally-originated deposits 
were outlined by Köhler et al. (1994), including: purity and monomineralic qualities, low Al 
content, low content of accessory minor elements, and warm formation temperatures (low-
temperature, but warm in comparison to ambient seawater and non-hydrothermal processes). 
In addition to these, REE distribution trends that follow seawater trends and low-temperature 
anomalies (the Ce and Eu negative anomalies) also apply as a diagnostic tool for low-
temperature diffuse hydrothermal venting. The unusual configuration of the Seamount 3 deposits 
is likely a product of pattern-controlled hydrothermal fluid flow. It would be highly unlikely 
for non-hydrothermal mineral precipitation, such as the replacement or alteration processes, 
to occur in such a distinct and unusual pattern. Although pillows below the surface could be 
weathered and replaced at their contacts, we would expect to see this on and around the pillows. 
For a pattern to form above them, there would need to be fluid flow upwelling and forcing the 
replacement and precipitation to occur on the surface rather than just at the pillow sites below. 
6.2.2 Hydrothermal formation models
 There are several possible hydrothermal precipitation mechanisms (models 3, 4, 5, and 
6) to explain the nontronite and Fe-oxyhydroxide deposits on Seamount 3. The precipitation of 
nontronite and Fe-oxyhydroxides may be biologically-mediated from hydrothermal fluids or 
abiogenic (directly deposited from hydrothermal fluids). As described in Dekov et al (2010), 
there are three modes of Fe-Si-oxyhydroxide precipitation: microbially-mediated, abiogenic 
(including microbes within the precipitate matrix but not facilitating precipitation), or a 
combination of the two. 
 In abiogenic processes direct precipitation from hydrothermal fluids (models 3 and 4) is 
possible (De Carlo et al., 1983; Murnane and Clague, 1983; Dekov et al., 2010) and suggested as 
a possibility by most hydrothermal nontronite and Fe-oxide studies. Direct precipitation would 
occur under specific oxidation-reduction conditions (Harder, 1976, 1978). This model involves 
the oxidation of cooler distal hydrothermal fluids at the seafloor, followed by the precipitation of 
Fe and Mn oxides, and eventually nontronite through a few different possible processes. First, 
high-temperature hydrothermal fluids (>350º C) at depth (3-5 km) interact with the local rock 
and mix with seawater continuously as it flows through the porous crust (Murnane and Clague, 
1983; Alt, 1988). This hot acidic and reducing fluid (that formed at depth) upwells toward the 
seafloor and further reacts with cooler shallower seawater, rocks, and minerals. It is possible that 
sulfide precipitation occurs below the surface but higher up from the original fluid formation, 
where the fluids are still much warmer than they become at the surface (Murnane and Clague, 
1983; Alt, 1988). Once these fluids approach the seafloor, they are much cooler after significant 
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interaction with seawater. Although the amount of mixing and rate of mixing may affect the 
composition of the fluid, typically it will be rich in Si, Fe, and Mn (Edmond et al., 1979; Alt, 
1988). At the surface, exposure to seawater mixing and thus oxidizing conditions results in the 
oxidation of Fe2+ to Fe3+ and this reaction drives the precipitation of the dissolved ferrous iron 
into Fe-oxyhydroxides (Rozenson and Heller-Kallai, 1976; Murnane and Clague, 1983). It is 
possible that a sediment layer, such as that observed at Seamount 3, may also offer a redox buffer 
(Murnane and Clague, 1983). The oxidized iron (Fe3+) may be broken down through hydrolysis 
and then precipitated again to form poorly ordered Fe-oxyhydroxides (Dekov et al., 2010). 
 Since iron oxidizes more readily that Mn (Stumm and Morgan, 1981; Alt, 1988), a 
layered appearance is often observed with Fe-oxides closer to the active venting and Mn further 
away as a crust or just dispersed in the water column (although eventually through aging a 
Mn-oxide crust will likely form). Such a gradation was observed at the hydrothermal field at 
Seamount 3. Sub-sampling was based on those gradations and apparent divides into Mn-oxide, 
Fe-Si-oxide, and nontronite. As reduced iron interacts with oxidized Mn, a redox reaction may 
occur. Reduced iron (Fe2+) upwelled with the hydrothermal fluids may be oxidized at the surface 
as it reacts with the base of the Mn-oxide crust; this will cause a reduction of Mn4+ to Mn2+ 
(Honnorez et al., 1981). Then the Mn2+ (reduced Mn) may be remobilized and re-oxidized as it 
interacts with surrounding oxygenated seawater, thus forming another Mn-oxide outer crust atop 
the existing Mn-oxide crust (Honnorez et al., 1981). 
 It has been hypothesized, that amorphous Fe-Si-oxyhydroxides may form nontronite or 
Fe-phyllosilicate smectite (Köhler et al., 1994; Kloprogge et al., 1999; Dekov et al., 2007). These 
Fe-Si-oxyhydroxides can be source material for nontronite formation through aging processes 
(model 4) of the deposits where the nontronite is not directly hydrothermal in origin (Dekov et 
al., 2007). 
 For nontronite to form by abiogenic precipitation (model 3), the presence of reduced iron 
(Fe2+) in the upwelling hydrothermal fluids is essential, as Harder (1978) described, because it 
helps stabilize and control the formation of the nontronite octahedral layer. This is necessary for 
the orientation of SiO4 tetrahedra required to form a smectite (or even just general clay mineral) 
lattice (Dekov et al., 2007). The Eh must also remain below zero in order to maintain some 
ferrous iron for nontronite formation and avoid oxidizing all of the Fe2+ and the precipitation 
of ferrihydrite instead of nontronite (Jambor and Dutrizac, 1998). The general temperature 
conditions are also very specific for seafloor hydrothermal nontronite formation. Nontronite 
typically will not form outside of the temperature range of 15 to 96º C (Dekov et al., 2007). At 
higher temperatures (occurring at high-temperature channelized vents), Fe-oxyhydroxides will 
typically form instead (De Carlo et al., 1983). These conditions all describe a hydrothermal 
origin and possibly one that is abiogenic. More information is required to determine whether the 
precipitation of the oxides and smectite are biologically mediated. 
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 Alt (1988) described how ratios of Fe to H2S and silica contents may play a major role 
in determining whether Fe-oxides, and later nontronite, will form. If Fe/H2S is less than 1 (i.e. 
more H2S than Fe in solution) then Fe will precipitate out early, before reaching the surface. 
Under these conditions, it is believed that sulfides (H2S) will form subsurface. This will leave the 
remaining upwelling hydrothermal fluids Mn-rich and thus primarily form Mn-oxide deposits 
on the seafloor (Murnane and Clague, 1983; Alt, 1988). Whereas if Fe/H2S is more than 1 
(solution very rich in Fe) then there will still be some Fe in hydrothermal fluids upwelled to 
the surface (post sulfide formation) and so the necessary ingredients for Fe-oxide deposits are 
available for their formation on the seafloor. From this, it may be concluded that the Fe/H2S 
ratio for hydrothermal fluids at Seamount 3 is greater than 1 due to the presence of Fe-oxides in 
the deposits. These studies and conditions describe potential settings for direct hydrothermal or 
hydrothermal-biogenic Fe-oxide precipitation (a possible precursor to nontronite).
 There are several possible biogenic models for hydrothermal nontronite and associated 
Fe-oxide formation that also occur across a strong oxidation gradient (model 5 and 6). These 
models have been described from samples taken in situ and through experimental work. 
Fe-oxidizing bacteria has been understood to play a large role in the precipitation of Fe-
oxyhydroxides at hydrothermal vents (Emerson and Moyer, 2002; Emerson et al., 2010). 
 In the present study (and in Alt, 1988), any efforts to identify the bacteria species 
associated with Fe-oxide and nontronite formation would be tentative at best. Sampling protocols 
were not implemented for the identification of bacteria during the exploration of Seamount 3. 
In order to properly identify such microbial structures, strains would need to be cultured. While 
the ROV ascended up the water column above Seamount 3, most of the fluffy yellow bacterial 
mat material winnowed off of the samples as they were in an open rock box. Not only were the 
bacterial mats not sampled with the intent of culturing and identifying, but samples were stored 
in bags and crates for a few months before any analyses were conducted. Any possible remaining 
bacteria would not have been in a condition for proper analysis. Thus, these hypotheses are 
highly speculative for the present study.
 For a biogenic formation to be possible evidence of microbes or FeOB should be present 
in SEM micrographs or in ROV imagery there should be clear indications of bacterial mats on 
the surface which are common environments for FeOB. Spherical and web-like microstructures 
were observed in SEM micrographs from specimens of Seamount 3 samples and in several other 
deposits (Köhler et al., 1994; Ueshima and Tazaki, 2001; Dekov et al., 2010; Li et al., 2012). 
This general morphology is believed to be controlled by microbes (living in mats on the seafloor 
exposed to oxygenated water) that oxidize iron and thus are linked to the deposition of Fe3+. The 
observed microstructures (even without direct observations of bacteria itself) and morphology of 
these deposits and many others are strikingly similar to the structures of FeOB. If such bacteria 
become encrusted in Fe-oxide or nontronite, then the morphology of these oxides and clays will 
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be controlled by the structure of the bacteria. 
 Alt (1988) described twisted ribbons, filaments, and general structures that resemble 
FeOB within the hydrothermal material (sample 1643-1) from Red Seamount (East Pacific 
Rise). These structures tended to be coated in Fe-oxyhydroxides suggesting that FeOB may be 
contributing to the formation of this active deposit on Red Seamount. Alt (1988) also observed 
a color zonation or layering (within the Fe-oxide samples from Red Seamount) similar to that of 
the present study. With evidence of such twisted ribbons, he concluded that bacteria likely helped 
actively precipitate Fe from hydrothermal fluids. The morphology observed of the apparent 
bacterial structures and their encrustation of Fe-oxide is indicative of such bacteria playing 
an active role in oxide and possibly nontronite formation (model 5) (Buchanan and Gibbons, 
1974). However, some studies suggest that nontronite formation may occur after biologically 
facilitated (or abiogenic, direct hydrothermal, precipitation as discussed in model 4) precipitation 
of Fe-oxides or oxidation of Fe (model 6). Biogenic, in the same way that abiogenic, poorly-
ordered Fe-Si-oxyhydroxides can be source material for nontronite formation through aging 
processes of the deposits where the nontronite is not directly hydrothermal in origin (Dekov 
et al., 2007). Therefore, this particular model (model 6) suggests that nontronite would not 
directly be biogenic in its formation but rather transitively through the precursor biogenic Fe-Si-
oxyhydroxides. 
 Alternatively, Ueshima and Tazaki (2001) presented an experimental model for biogenic 
nontronite formation through microbial polysaccharides, fitting into model 5. In the deposits 
studied by Ueshima and Tazaki (2001), it was observed that specific bacteria are able to secrete 
extracellular polymer substrates (EPS) in order to protect from the severe environmental 
conditions that surround them. This EPS acts as a biofilm and a reactive geochemical surface. 
Ueshima and Tazaki (2001) determined that nontronite formation occurs within the EPS on 
top of bacterial cells while Fe-oxyhydroxides actually form outside of the EPS. Although 
they investigated this phenomena on polysaccharide EPS, EPS can consist of lipids, proteins, 
and other types of organic compounds (Fortin et al., 1997; Ueshima and Tazaki, 2001). For 
nontronite to form, time is required as precipitation is slow. There must be this framework 
available for the nontronite formation, such as that provided by EPS where a ‘template’ is offered 
to orient the required tetrahedra silicate sheet (polysaccharide, for example) onto the polymers of 
the EPS (Ueshima and Tazaki, 2001).
 Bacterial growth is favored toward the outer part of the deposits, where contact with 
oxygenated seawater can be maintained. They will migrate outwards as deposits grow. The 
gradient will continue as nontronite forms, reducing conditions will remain closest to the 
hydrothermal fluids and oxidizing conditions will remain more distally near the bacteria on the 
crust. This would correspond to a gradient within the tubular deposits (Figure 2.3). This would 
also be an explanation for the strong color gradation that was observed in this study. Soft yellow 
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Fe-oxide mats observed in situ from ROV imagery offer evidence that bacteria may be present 
and assisting in the precipitation of such deposits (support for models 5 and 6). Wherever 
there is a source of reduced Fe, oxygen, and nutrients, FeOB will likely be present (Emerson 
et al., 2010). The SEM micrographs from the present study reveal structures that are similar 
to the morphology of other documented bacterial structures (Köhler et al., 1994; Ueshima and 
Tazaki, 2001; Dekov et al., 2007; Dekov et al., 2010; Li et al., 2012; among several others). 
The structures of the present study are particularly similar to the globular aggregates, oblate 
microspheres, and filamentous structures of the hydrothermal precipitates in Li et al. (2012) as 
well as the thread-like bacterial structures encrusted in Fe-sulfides from Dekov et al. (2010). The 
microspheres from the present study appear to have a central hole where an abandoned bacterium 
likely once resided, thus forming Fe-oxide around it. Perhaps this presents strong evidence for 
microbially-mediated precipitation of Fe-oxides at the very least (included in models 5 and 6).
 These structures are similar to some of the observed honeycomb-like hollow filaments of 
Dekov et al. (2007). Visual comparisons of SEM imagery suggest that nontronite and Fe-oxide 
formation at Seamount 3 likely involves a biogenic model or a mix of biogenic (models 5 and 6) 
and abiogenic processes (models 3 and 4). It is unclear from the available evidence whether the 
nontronite from the present study formed through aging processes (model 6, or perhaps model 
4) of precursor Fe-oxide or if the nontronite was precipitated directly within EPS of microbes. 
It is also possible that some of the nontronite and Fe-oxides formed under specific hydrothermal 
conditions such that they directly precipitated (models 3 and 4). 
 The surface appearance of the microstructures do not have a well-defined honeycomb 
exterior like that observed of freshly precipitated nontronite (Köhler et al., 1994; Ueshima and 
Tazaki, 2001), which offers potential support for models not involving microbes (De Carlo et al., 
1983) since the surface features do not entirely match those of biogenic deposits. However, these 
microstructures look similar to some of the Fe-Si-oxyhydroxides seen in Dekov et al. (2010) and 
Li et al. (2012). With such high SiO2 contents in the samples from Seamount 3, it is likely some 
of the microstructures observed are Si-oxyhydroxides, not just Fe-oxides and nontronite. Perhaps 
this may explain some of the inconsistencies in morphology with those of strictly nontronite and 
young (experimentally precipitated) nontronite (Ueshima and Tazaki, 2001).  
 Several studies discussed the possibility of recrystallization and how this process may 
change the appearance of the microstructures (Alt, 1988; Köhler et al., 1994). Differences in 
mineralogy at active sites of hydrothermal deposition compared to non-active sites may be 
a product of recrystallization processes (Alt, 1988). This may describe some of the observed 
differences in the chemistry and mineralogy of the Seamount 3 samples and those of possibly 
more active sites. Alt (1988) described how such differences may actually result from the 
variable compositions of Si or Al and pore fluid chemical variations in general for available 
material for such secondary intergrowth. Köhler et al. (1994) provided an SEM collection of 
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microstructures that show such secondary intergrowth of nontronite, which bear similarities 
to some of the observed structures of the present study. For such reasons, it is possible that 
the hydrothermal system of the present study is beginning to deactivate and thus the observed 
microstructures are more degraded from recrystallization. There are also surface sediments atop 
of the tubular deposits, suggesting that they are not extremely recent. 
6.3 Pattern and tube formation model 
 The pattern of the tube-shaped sinuous deposits at Seamount 3 is the first of its kind 
observed in situ. Some structure or feature that is sedimented and not visible is likely controlling 
the fluid flow, effectively controlling the formation pattern of the deposits by channelizing the 
fluid flow into the observed pattern. This suggests that there must be formations below the 
sedimented seafloor that appear to have the opposite pattern to the tubular network. Pillow lavas 
are common formations on and around seamounts, and were observed on and around Seamount 
3 as well as several other seamounts in the Galapagos Archipelago. It is hypothesized that pillow 
lavas are controlling the distribution of the fluid flow to the surface. Such pillow lavas would be 
sedimented over time to the point where they are not observable on the surface in most places. 
Fluid pathways remain open within the gap spaces between pillows and in turn these spaces 
create winding tubular sinuous patterned deposits on the surface above. 
 In order to examine this hypothesis, image analysis was performed on ROV bottom 
photographs of the deposits on Seamount 3 as well as exposed pillow lava fields from the same 
seamount. The deposits and pillows were traced and their spatial dimensions (major and minor 
axes) were measured and scaled to the ROV in the same images (Figure 6.1). There is a clear 
similarity between the spatial dimensions of both of these features (Figure 6.2), suggesting that 
sedimented pillows control the deposit pattern. 
 Pillow lava erupts and coalesces with complicated internal structures. In this pillow-
controlled fluid flow model, the first phase of the system starts with pillows covering the surface 
and below the surface as hydrothermal fluids begin to flow up through their cracks (Figure 6.3, 
1). Sediments then cover up some of the pillows and fluid flow further develops into channels 
between pillows (Figure 6.3, 2). Continued sedimentation eventually covers all of the pillows 
and the tubular deposits begin to form as fluid flow persists along previously established 
pathways (Figure 6.3, 3). Finally, pillows are completely covered by sediment and tubes continue 
growing from fluid below (Figure 6.3, 4). 
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 The formation of the tubes is likely a result of the limited crack space for the fluids to 
come through and then the continuation of the fluid flow from below fueling more precipitation 
from the inside out. The fluffy or irregular formation of the tubes structure is a product of the 
possible bacteria living on the surface (Alt, 1988). The hydrothermal fluids may be denser due 
to the process of phase separation (fractionation of elements between liquid and vapor phases, 
volatile elements will partition into vapor and ions into liquid) and thus tend to hug the seafloor 
as well and form horizontally orientated (and in this case tubular) deposits rather than vertical 
chimneys. It is also possible that the fluid flow is so minimal at Seamount 3 that vigorous plumes 
are not generated and fluids just seep out along cracks and mix with seawater quickly. Typically 
diffuse venting fluids do not rise very much but rather cool and dilute quickly, forming deposits 
at first interactions with the ambient seawater. 
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Figure X. (A) Hydrothermal deposits outlined in red. (B) Pillow lava outlined in red. Enclosed 
regions measured for image analysis of spatial dimensions of both hydrothermal deposits and 
pillow lava. ROV Hercules was used for scaling the dimensions of the image measurements. 
(Images curtesy of the Ocean Exploration Trust)
A B
Fi ure 6.1  (A) Hy rothermal deposits outlined in re . (B) Pillow lavas outlined in red. The spatial 
dimensions of each closed polygon were measured for image analysis of both hydrothermal deposits 
and pillow lava. ROV Hercules was used for scaling the dimensions of the image measurements. 
(Images courtesy of the Ocean Exploration Trust.)
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Figure 6.2 Major vs. minor axis length of pillow lavas (red squares) from regions nearby the deposits and 
the deposits themselves (blue diamonds). 
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2. Partial sedimentation and development of fluid flow1. Initial emplacement of lava flow
4. Pillows covered by sediment and tubes actively growing from 
fluid flow supplied from below
3. Extensive sedimentation and development of tubes between 
the pillow lobes
Figure 6.3 Formation model for the tubular sinuous patterned network of deposits. Block model shows 
the transition from (1) initial emplacement of flow, pillows cover the seafloor and sub-surface 
with venting fluids above. (2) partial sedimentation and fluid flow development, (3) extensive 
sedimentation and development of tubes between pillow lobes, and finally (4) pillows fully 
sedimented with tubes actively growing form fluid flow supplied below the surface. (Figure model 
designed by Steven Carey and Megan Lubetkin, illustration by Kathleen Cantner).
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7. Conclusion
 The hydrothermal deposits collected from the summit of Seamount 3, Wolf-Darwin 
lineament, Galapagos Archipelago, are similar in chemistry and mineralogy to other seafloor 
nontronites and Fe-Si-oxyhydroxides. The formation of such deposits likely involves some 
biogenetic processes, as indicated by the presence of bacterial structures and bacterial mats 
during in situ sampling. The system may be deactivating based on the sedimentation in situ 
atop the deposits and the observed SEM morphology of possible degraded microtubes with 
recrystallized nontronite or secondary intergrowth from aging processes (Köhler et al., 1994). 
 ROV image analysis of spatial dimensions suggests that the unusual patterned network 
of these hydrothermal deposits is likely controlled by sedimented pillow lavas below the surface. 
Although this is the first observation of such a patterned network of deposits, it is presumably not 
extremely rare. Pillow lavas are common formations on and around seamounts as they are the 
only form of basaltic lava flow in the ocean. There are an estimated 25 million-plus uncharted 
seamounts of 100 m and up in the world’s oceans (Wessel et al., 2010). Thus, this occurrence 
may be fairly common atop seamounts throughout the world’s oceans. 
 Future studies that explore hydrothermal nontronite formation on seamounts may observe 
this patterned network and should, if possible, attempt to core the surface or excavate to confirm 
the presence of pillow lava below the surface. Collecting water samples of venting fluids could 
also prove helpful for the determination of possible formation hypotheses, so it is suggested that 
water samples at or near the rock sampling site should also be collected.
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Appendix A: Detailed analytical 
methodology
A.1 X-Ray Diffraction
 X-ray diffraction (XRD) is an analytical method used to characterize the mineralogy 
of a sample. Minerals consist of many atoms that are organized in a regular periodic way. This 
organized arrangement of atoms within a mineral is referred to as its crystal lattice. The space 
between layers of the lattice is referred to as the d spacing. 
 X-rays, a form of electromagnetic radiation, interact with crystal lattices in a specific way. 
When a wave of directed X-rays strikes a plane of regularly organized atoms within the lattice, 
the scatterers (which in this case are the electrons that are part of each atom) re-radiate some of 
the intensity of the incoming X-rays in the form of a spherical wave. These spherical waves of 
X-rays are also regularly arrayed. Under specific conditions the re-radiated spherical waves will 
interfere constructively and thus create a reflection spot on the recorded diffraction pattern.
 These specific conditions are outlined by Bragg’s Law (Equation A.1). Bragg’s Law 
equation describes the relationship between a whole number n, the wavelength of the incoming 
X-rays as λ, d as the spacing between planes of the lattice, and θ is the angle that the incoming 
rays makes when it hits the first plane of the lattice. Two beams of X-rays are directed toward the 
plane of the lattice, which creates a specific angle, theta. Once these X-rays are re-radiated by 
the scatterers within the lattice, the spherical waves will interfere constructively only when they 
travel a distance that differs by a whole number multiple (n) of their wavelength, that is when 
the two waves are fully in-phase. In this case, the upper of the two waves will travel a shorter 
distance, that of d sinθ less. If the wavelength of the X-rays is known and the angle theta that the 
two X-rays create as they hit the lattice plane is measured, then the d spacing between the arrays 
of atoms may be determined based on this law. This relationship is illustrated in Figure A.1. 
                                                                       Equation A.1n λ 2d sinθ
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 The six sub-samples were crushed as described in the materials and methods section. 
The resulting powders consisted of fine grain sizes appropriate for powder X-ray diffraction 
in the Rigaku Miniflex diffraction system. Powder diffraction mounts were prepared for each 
of the six samples. A flat piece of glass was pressed evenly over the surface of the mount to 
produce a consistent plane for X-ray diffraction measurement. All six mounts were placed in a 
six-position auto-sampler (Figure A.2). Diffracted X-rays are detected by the machine at several 
different angles. D-values and percent composition of the sample are derived from this data. This 
derivation is completed using Bragg’s Law as described above. 
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Figure A.1 Illustration of Bragg’s Law (Equation A.1). S1 and S2 represent the two incoming beams of 
X-rays (which are also waves). The dark circles are individual atoms aligned in a crystal lattice. The 
space between the layers of the lattice is d and the angle created by the intersection of the X-ray 
beams with the first plane of the lattice is θ. (Figure by Freundchen, Wikimedia Commons, 2012)
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Figure A.2 (LEFT) Six-position auto-sampler inside of the Rigaku Miniflex diffraction system. All six powdered 
sub-samples are shown in their prepared mounts. Each sample holder is 2.54 cm across. (RIGHT) Rigaku 
MiniFlex II table top XRD. 
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A.2 Scanning Electron Microscopy
 A scanning electron microscope (SEM) is a type of microscope that uses a beam of 
fast moving electrons rather than a light source to capture images or electron micrographs of 
the microscopic features of a sample (Figure A.3). The sample or specimen is prepared with a 
coating to avoid charging while scanning the image. This coating makes the sample conductive 
and suitable for imaging with electrons. The electron beam directed at the specimen is a current; 
if the specimen is not conductive then the current cannot go to ground. Therefore, if the specimen 
is not conductive, it will act as a resistor and accumulate electrons, similar to a crude lens.
 There are two types of coatings that may be used, carbon or a mix of gold and palladium. 
For SEM work, the gold and palladium coating is more effective at producing clearer images, 
while the carbon coating is more suitable for EDS work. The gold and palladium coating is better 
for imaging purposes because it is a better conductor so it reduces charging that may lead to 
unwanted artifacts in the images. The gold and palladium coating is applied using a sputtering 
method that lays the coating on the specimen more evenly. Through the process of sputtering, 
a much finer and more uniform grain size is applied to the surface of the specimen. This helps 
improve appearance while making it highly conductive. 
 Samples were coated in gold-palladium imaging analysis. A small chunk of each sub-
sample was glued to an aluminum stub and coated in gold and palladium using the Anatech 
USA Hummer Sputtering System. Stubs are placed in a specimen holder and injected into the 
specimen chamber. Electrons do not travel far or very well in air so it is necessary to remove all 
air within the specimen chamber to create a vacuumed space for imaging with electrons. 
 An anode attracts the electrons and accelerates them into a strong beam. The SEM sends 
the beam of electrons through a series of coil-shaped electromagnets, which focus and direct the 
beam of electrons in a specific and precise direction toward the targeted region (Figure A.3). As 
the beam moves closer to the targeted region of the sample, a set of scan coils steers the electron 
beam back and forth so that it may scan the full targeted region rather than just a single point. 
Electrons from the channelized scanning beam hit the surface of the sample and this interaction 
causes two types of electrons to come off. 
 Atoms on the surface can absorb the energy of the electrons and then give off their own 
electrons as the electron beam hits the sample’s surface. These secondary electrons are detected 
by the secondary electron detector. Shallow surface electrons are effective for creating an image 
of the surface. Backscatter electrons are from the original electron beam itself. Electrons from 
the beam are reflected off the surface of the sample and may originate from slightly deeper in the 
sample. A different detector reads these backscatter electrons to help enhance the image quality. 
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Backscatter electrons may also get trapped deep inside the sample. Deep electrons inside the 
sample cannot reflect. Their energy is emitted in the form of X-rays, which may be read by a 
third detector. An SEM image or electron micrograph is created through this process. 
 In this study, the electron micrographs were created only using the secondary electrons. 
Beam current would need to be higher in order to collect any backscatter information to create 
the SEM image or micrograph. 
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Figure A.3 SEM-EDS diagram illustrating how the initial electrons are focused, directed, and scanned 
across the surface of a sample to create an electron micrograph or SEM image and to collect EDS 
data. Figure modified from Chia, 2015.
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A.3 Energy-Dispersive X-Ray Spectroscopy
 
 Energy-Dispersive X-Ray Spectroscopy (EDS) is a procedure used along with SEM to 
identify the occurrence and abundance of a variety of elements within a mineral sample (Figure 
A.3). Specific targeted areas are selected with the SEM and then analyzed individually as 
opposed to a whole sample or bulk composition technique (such as ICP-MS or ICP-AES). It is 
most effective when used to identify the abundance of elements in a homogenous mineral grain, 
but may also be used to identify the elemental make-up of a small section of a heterogeneous 
unknown mineral sample. 
 Every element has a unique atomic structure and will emit X-radiation (composed of 
X-rays) of a specific characteristic energy. The objective of EDS is to trigger the elements 
present within a sample to give off their characteristic X-rays such that the elements may be 
identified by their energies. The atoms must be excited by an outside force, such as a beam of 
highly charged particles. When the beam of charged particles, such as high-energy electrons 
or X-rays, hit the specific region of the sample, elements within this part of the sample will be 
excited and thus emit their characteristic X-rays. This occurs when the incident beam is directed 
toward the specimen through the electron gun and further focused by a series of condenser lenses 
(Figure A.4). As the beam strikes the sample, an electron within an inner shell of each element 
present will be excited and forced to eject leaving an electron hole. An electron from an outer 
higher-energy shell will fill this hole and in the process it will release energy as it moves from 
higher to lower energy shells. This energy is released in the form of X-rays, as well as heat and 
light. The intensity of these released X-rays is what is characteristic about the atom because of its 
unique structure, and thus it is representative of the elements in the targeted region of the sample.
 The EDS detector records the energy of the emitted X-rays in kilovolts (kV) and the 
intensity or the number of X-rays in counts per second (cps). The intensity of the emitted X-rays 
is proportional to the abundance of the given element. In EDS spectra, the energy in kV is 
plotted on the X-axis while the intensity in cps is plotted on the Y-axis. A high peak, for example, 
observed at a specific energy suggests that the element with characteristic X-radiation of the 
corresponding energy is present as well as abundant since the peak is high, which suggests that 
many cps were read. EDS data is generated in weight % for each element detected. In order to 
generate useful data, where appropriate, elemental weight % was converted to oxide weight % 
and totals were re-normalized to 100 (for detailed results see Appendix B). 
 In this study, study EDS was utilized on targeted locations throughout several subsamples 
to identify the elemental make-up of a small section of heterogeneous unknown minerals. Each 
of these subsamples was glued to a small cylindrical aluminum mount. Most samples used for 
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EDS analysis were coated in carbon although some EDS data was collected off gold-palladium 
coated specimens. Specimens were coated in carbon with the Denton Vacuum Inc. DV-401 
Carbon Coating System for imaging of surfaces where EDS analyses were performed. To capture 
images of the regions that EDS analyses were performed, electron micrographs were taken at 
each EDS analysis location. Carbon is most effective for EDS analyses of minerals and rocks 
because C typically will not be present in the specimens, while gold and palladium may be. By 
collecting EDS data from both C-coated and Au-Pd-coated specimens, it was possible to get 
accurate readings of Au-Pd (for the C-coated) and C (Au-Pd-coated) specimens. 
A.4 Inductively Coupled Plasma Mass 
Spectrometry
 
 The chemical composition of the samples was determined by inductively coupled 
plasma mass spectrometry (ICP-MS) for rare earth elements (REE), trace elements, and for 
P2O5 and K2O. The ICP-MS (Figure A.4) ionizes dissolved samples with inductively coupled 
plasma, which is energy from electromagnetic induction (time-varying magnetic fields). For 
this instrument, the ion-generating source is argon plasma. A quadrupole mass spectrometer 
then separates and measures the ions. The quadrupole carries AC and DC current such that only 
specific ions will make it through. 
 First an auto sampler sucks the liquid sample material out of small vials. Then it 
nebulizes, creates a spray, and enters into the plasma. This heats samples again to high 
temperatures, in order to excite them to ionize. At this point they enter the mass spectrometer. 
Pressures are very low such that ions go down channels with magnetic fields where ions of the 
“wrong size” will smash into the wall or desired ions go straight through the tube (since they 
have the perfect mass). Magnetic fields are used to selectively filter certain masses of ions over 
others in this process. When ions make it through the quadrupole, they hit several dynodes (metal 
plates) and cause a cascade of electrons. These electrons are proportional to the incoming ions 
and are exponentially magnified. The final detector reads electrons in counts per second and 
measure the mass of the ion and how much made it through the ion channel detection. 
 ICP-MS is very fast and more precise and much more sensitive than ICP-AES (Figure 
A.4). ICP-MS can measure one part per quadrillion so it is an excellent tool for trace and rare 
earths than may be present at very small concentrations.
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 Sample preparation for ICP-MS analysis involved dissolution of powdered samples in 
HF-HNO3 acid digestion (methodology from Kelley et al., 2003) and was performed by Katie 
Kelley at the University of Rhode Island Graduate School of Oceanography. In this methodology, 
0.05 g of powdered sample (crushed and powdered with a mixer mill) is measured and placed 
into 23 mL Savillex Teflon beakers. 3 ml of 8NHNO3 and 1ml of HF are added to the powdered 
samples in each beaker. Samples are digested and evaporated to dryness overnight on a hot plate 
at 90ºC. These digested and dried samples are dissolved back into 3 ml of 8NHNO3 and 3 ml of 
deionized water. Then they are diluted with deionized water to 2000x the original powder weight 
within HDPE bottles and sonicated for a duration of 30 minutes. 
 Kelley et al.’s (2003) methodology is very effective because it does not include HCl and 
HClO4 as some ICP-MS methods do. This minimizes molecular interferences. 
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Figure A.4 (ABOVE) The ICP-MS at URI Graduate School of Oceanography. The opened section of the 
instrument on the right contains the torch and the ICP componant. While the closed section of the 
instrument on the left contains the quadrupole mass spectrometer. (BELOW) Diagram of ICP-MS 
from Jens Molecular and Nanoscale Analysis Lab.
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A.6 Inductively Coupled Plasma Atomic 
Emission Spectrometry
 Major elemental compositions for SiO2, MnO, Fe2O3, MgO, TiO2, CaO, Al2O3, and Na2O 
were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES; Figure 
A.5). Similar to ICP-MS, the first half of this instrument works in the same way as it ionizes 
dissolved samples with inductively coupled plasma. ICP-AES is less precise and less sensitive 
in comparison to the ICP-MS. For this reason, it is more suitable for measuring compositions of 
major oxides present in the samples.
 For ICP-AES, first an auto sampler sucks up the liquid sample continuously, and enters 
it into the nebulizer where the liquid is turned into a gas. In order to detect an atom from 
atomic emission, it must be a gas. Again, the plasma is made of argon gas, which will atomize 
everything (excite the atoms). These atoms will eventually drop back down to ground state 
and emit light (Figure A.6). This light is a different wavelength depending on the atom. These 
characteristic wavelengths are then detected. Radiofrequency (RF) coils receive the light signals. 
The ICP-AES may be tuned specifically to detect only a select range of nanometers for specific 
wavelengths of specific desired atoms.  
 Sample preparation for ICP-AES analysis also followed the methodology from Kelley 
et al. (2003) and was performed by Katie Kelley at the University of Rhode Island. In this 
procedure, solutions are prepared using LiBO2 flux-fusions (Klein et al., 1991). 0.2 g of each 
sample is powdered and dried in Al crucibles within a 100°C muffle furnace. The dry weight is 
recorded after one hour. Then crucibles are heated to 950°C in a muffle furnace. After 45 min 
they are weighed again. These weights are used to measure the mass loss on ignition (LOI). 0.1 
g of the ignited powder is measured and placed in new crucibles (high-purity graphite). Within 
these crucibles is 0.4 g of LiBO2 flux which mixes with the sample. Crucibles are placed into 
a muffle furnace at 1050°C for 15 min. HDPE bottles are prepared and filled with 50 ml of 5% 
HNO3. Molten beads from the crucibles are poured into HDPE bottles and shaken until fully 
dissolved. Clean HDPE bottles are prepared and contain 70 ml of 5% HNO3. 10 ml of solution 
for each sample is pulled up and ejected out of syringes through 0.45 mm filters into these HDPE 
bottles. These new solutions are diluted at about 860x the total weight of the solids and 4300x 
the original sample weight.
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Figure A.5 The ICP-AES at URI main campus. The front tray hosed with thin plastic tubes is the auto 
sampler. The left half of the instrument makes of the ICP componant, while the right half contains the 
AES componant. 
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Figure A.6 Light emitted from atoms as they drop back down to ground state during ICP-AES analysis. 
Image of the view chamber displayed on the left side of the instrument in Figure A.5.  
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Appendix B: Additional SEM-
EDS results
B.1 Additional SEM micrographs
 SEM micrographs that were collected at Bates College Carnegie Science Center, but not 
included or discussed in the primary text.
B.1.1 SEM micrographs
 Each image includes its corresponding sample ID (for simplicity, subsample “NA064-
64A” has been notated as “64A” since the prefix “NA064” applies for all specimens). All SEM 
micrographs below were collected from gold-palladium coated specimens for sharper imaging.
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B.1.2 SEM micrographs of regions of EDS data
 Each image includes its corresponding sample ID (for simplicity, subsample “NA064-
64A” has been notated as “64A” since the prefix “NA064” applies for all specimens). The 
additional parenthetical numbers and labels on this collection of SEM micrographs are to 
differentiate between various specimens of the same sample. All images presented in this section 
correspond to regions where EDS data was collected (presented in section A.2). The central 
feature in each image was targeted for EDS data collection. 
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B.2 Tabulated EDS results
 
 EDS data for several specimens of samples from Seamount 3. Where appropriate, 
elemental data was converted to weight % oxide and then normalized to 100. 
 Sample/Specimen ID scheme: the first number and letter refers to the sample or sub-
sample that the data was collected from. For example, specimen “64A(1)” comes from sample 
NA064-64 and from the sub-sample NA064-64A. The parenthetical numbers (such as the (1) in 
the above example) are just to differentiate between different specimens from the same sample. 
The inclusion of “gp” is to indicate that those particular specimen stubs were coated in gold-
palladium for imaging rather than carbon like all of the other specimens. Any carbon detected 
for carbon-coated samples was removed from the data just as any gold or palladium detected 
from the “gp” samples was also removed from the data. The specimen ID’s that end with an “*” 
indicate that the results from that particular data collection are discussed in the primary text and 
that SEM micrographs of that particular region are displayed in the primary text as well. For all 
other specimens, SEM micrographs of the scanned regions are presented earlier in this appendix 
(B.1). The second and third columns of data are from different regions of the same specimen, 
hence the same ID and similar results. Specimen “64C(3)” is the only set of EDS results without 
an accompanying SEM micrograph.  
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Appendix C: Image analysis 
tracings 
C.1 Tracings of deposits 
 Six ROV images of hydrothermal sinuous tubular deposits from Seamount 3. The tubular 
features are highlighted with red tracings. Spatial dimensions for all enclosed polygons were 
measured and plotted (see primary text for results).
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C.2 Tracings of pillow lava 
 Three ROV images of pillow lava from the region around Seamount 3. Clusters of pillow 
lobes are highlighted with red tracings. Spatial dimensions for each enclosed polygon were 
measured and plotted (see primary text for results).
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